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ABSTRACT

To avoid disappointments with LED lighting in-
stallations, detailed knowledge of the typical char-
acteristics of the many different solid-state light 
sources is essential, while already long-available 
information on vision and colour seeing has to be 
combined with entirely new fundamental research 
on the relationship between lighting on the one 
hand and vision, performance, comfort, health and 
well-being on the other hand. Lighting has apart 
from visual effects also far-reaching non-visual bi-
ological effects. These effects influence the way our 
body “operates” and therefore, influence our health, 
well-being and alertness. Interior lighting installa-
tions today have to be designed so that they pro-
vide both suitable visual and non-visual biological 
effects, while adverse effects of lighting, like flick-
er, blue light hazard and disruption of the biological 
clock, are avoided.

LEDs offer the possibility to use them not only 
for lighting but also for data transmission. The use 
of LED lighting as a means for data communication 
is referred to as “light beyond illumination”. Visi-
ble Light Communication (VLC), LiFi, and light it-
self used as sensor are part of this subject. The mod-
ern lighting professional has to get familiarised with 
these new technologies and applications.

The author of this article published in 2019 the 
book “Interior Lighting, fundamentals, technolo-
gy and application” with Springer [1]. It discusses 
in 500 pages all topics important for the up-to-date 
interior lighting professional. The present overview 
article is entirely based on this book and follows the 

same chapter structure. Each chapter also describes, 
as an example, one or two crucial aspects in more 
detail.

Keywords: interior lighting, human-centric 
lighting, lighting and health, lighting and age, visual 
performance, visual satisfaction, therapeutic effects 
of lighting, hazardous effects of lighting, LEDs, in-
terior lighting design

1. FUNDAMENTALS

1.1. Visual Mechanism

A visual sensation is the result of processes in 
the eye and brain. Light entering the eye is project-
ed on the back of the inner part of the eye, the ret-
ina. The retina contains photoreceptor cells: cones 
and rods. Photopigments in these receptor cells ab-
sorb light, resulting in a chemical-electrical signal, 
which travels down a nerve into the visual cortex 
part of the brain where the visual sensation is in-
voked. A small area of the retina around the axis 
of the eye, the fovea, only contains cone cells. The 
other, peripheral, areas have few cone and many rod 
cells. The cone cells in the fovea have a one-to-one 
nerve connection to the brain. Rod photoreceptor 
cells are located in the periphery of the retina. Many 
of them converge on a single ganglion cell. Conse-
quently, foveal vision is sharp and peripheral vision 
is not sharp.

The set of rods converging on the same gangli-
on, called the receptive field of that cell (Fig. 1), are 
processed through an opponent mechanism. Gangli-
on cells compare signals arriving from an inner cir-
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cular area of the receptive field with signals arriving 
from the outer circular area (the surrounds) of the 
same receptive field. The centre-surround opponent 
processing by the retinal ganglion cells enables de-
tection of light-dark transitions and thus edge detec-
tion of bright objects.

Fig. 2 -left illustrates this by showing how a 
bright circular object (or light source) of uniform lu-
minance interacts with a group of receptive fields of 
neighbouring ganglion cells. Only the cells indicat-
ed in red are excited. This means that only the edg-
es of the uniform bright area forward information 
into the brain. From the uniform parts of the light 
source, no information is forwarded to the brain so 
that the brain is less engaged. A multitude of smaller 
bright objects of light sources (Fig. 2 -right, like, for 
example, matrix LED luminaires) excites more gan-
glion cells by the larger number of edges and con-
sequently engages the brain more, which, in turn, 
may be the reason for a higher degree of discomfort 
glare of LED-matrix luminaires. This phenomenon 
is now used to develop an entirely new fundamental 
basis for discomfort glare prediction. Preliminary 
results show promising results [2, 3, 4, 5].

Colour vision is possible because there are three 
types of cones, one with sensitivity for reddish, one 
for greenish and one for bluish light. A colour oppo-
nent mechanism processes their signals. This pro-
cession does not take place in the ganglion cells of 
the retina but in ganglion cells located at a kind of 
substation in the central part of the brain. It is called 

the lateral geniculate nucleus (LGN). This opponent 
colour mechanism with an opponent yellow-blue, 
green-red and white-black channel determines to a 
large extent how we perceive colours. Since we 
have just one type of rod cell, colour vision with 
rods is impossible.

Cones are mainly active at lighting levels larg-
er than some 5 cd/m2. Vision is then referred to as 
photopic. The spectral eye sensitivity curve V(λ) de-
fined for photopic vision is the basis for all photo-
metric units.

1.2. Colour

Solid-state light sources offer far more possibili-
ties to engineer lamp spectra to suit different colour 
quality requirements than gas discharge lamps did. 
Accurate lamp colour specification based on per-
ceived colour has therefore received renewed at-
tention. This concerns in the first place the spec-
ification of different types of white light sources. 
Coloured LEDs are more and more used in interior 
spaces so that also an accurate specification of co-
loured light sources is needed.

The number “three” plays an essential role in co-
lour vision. Examples are the three types of cones 
and the three-channel opponent colour vision sys-
tem described in the previous section. Principally, 
all colours that can be produced by three primary 
colours can only be presented in a three-dimension-
al space. A simplification towards a two-dimension-
al plane presentation is possible by neglecting the 
effect of differences in brightness of the colour stim-
ulus and concentrating on hue and saturation of the 
colour sensation only. With the two coordinates x 
and y, used in a rectangular coordinating system, the 
CIE1931 x-y chromaticity diagram (the well-known 
“CIE colour triangle”) is constructed.Fig. 1. Receptive fields of two ganglion cells

Fig. 2. Edge detection of a light source: the light source 
with a uniform luminance (left) excites fewer ganglion 

cells than the source with non-uniform luminance (right)
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Correlated colour temperatures of light sourc-
es, as a characterisation of the tint of whiteness, are 
easily obtained from the x–y chromaticity coordi-
nates. MacAdam ellipses, in a more uniform u′–v′ 
chromaticity diagram, are the basis for the binning 
process in the LED manufacturing process. More 
uniform means that an equal distance in the u′–v′ 
diagram represents better a same perceived colour 
difference.

A wealth of new research on colour science is 
available as a basis to replace some colour concepts 
that have been developed between the 1930s and 
1960s. New uniform three-dimensional colour spac-
es have been introduced. The CIECAM02-UCS co-
lour space is proposed in report TM-30 of the IES 
of North America [6] as a basis for a novel two-met-
ric colour-rendering system with a fidelity index Rf 
and a gamut index Rg. Many studies have shown 
that there exists a relatively good correlation be-
tween Rf and the CIE colour rendering index Ra, [7, 
8, 9, 10]. However, with the possibility of engineer-
ing LEDs that emit light with small spectrum lines 
at specific wavelengths (for example with the use 
of quantum dots), the colour fidelity index Rf meth-
od is more “future-proof” than the old Ra method. 
The second metric, gamut index Rg of the two-met-
ric system, is a measure of colour saturation. In 
some applications, a light source that shifts a par-
ticular colour or colours in a specific direction, for 
example towards more saturation and thus to more 
colourful colours, may make the visual scene more 
pleasant. If the gamut index is larger than 100, the 

colour shift is generally towards more saturation 
and if smaller than 100 towards less saturation. Co-
lour vector graphics visualise the colour proper-
ties of light sources. They represent an indispens-
able new tool for the lighting designer in the LED 
era. The top of Fig. 3 shows the vector graphic dia-
grams proposed by IES-TM-30 [6] for two different 
light sources with the same fidelity index but with 
different gamut index. The colour shift is indicated 
by an arrow (the vector) relative to the black circle, 
which represents the reference source (no colour 
shift). The ends of the vectors are interconnected 
by the red line so that both the size and direction of 
colour shift in each part of the diagram are visual-
ised. Where the line lies outside the circle of the ref-
erence source, saturation increases, and where the 
line is inside the circle, saturation decreases. So, the 
light source represented on the left of Fig. 4 (top) 
saturates green-yellow colours strongly and red-or-
ange colours a little. On average, this light source 
results in strong saturation which is also clear from 
its high gamut index (Rg = 120). The light source 
on the right (top) results in strong desaturation of 
a large part of the colours (Rg = 85). In CIE publi-
cation [11] developed an alternative graph for vi-
sualising colour shifts (Fig. 3 bottom) that contains 

Fig. 3. IES TM 30–15 (top) and CIE224:2017 (bottom) 
[11] colour vector graphics visualising colour shifts as 

obtained with the same two light sources relative to their 
reference sources

Fig. 4. RVP bodies: Relative Visual Performance (RVP) as 
a function of object contrast (C) and background luminance 

(Lb); top: visual angle 8.8 min (same size as an 8.5-point 
Times letter viewed from 50 cm); bottom: 4.1 min (same 
size as a 4-point Times letter viewed from 50 cm); left is 

the 25 years of age and right is the 60 years of age
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more information about the spread of the results, 
which can be important for research reasons. The 
IES-TM-30 graphic is more intuitive and therefore 
more suitable for general use.

1.3. Visual Performance

Visual performance for tasks of different size 
and contrast as a function of background luminance 
provides information about what lighting levels in 
interior working situations are required as a mini-
mum for efficient performance. In almost every hu-
man activity, visual performance should be well 
above its visibility threshold to perform efficient-
ly. Efficiency depends on speed and accuracy with 
which visual tasks can be detected and identified. 
Many researchers have carried out suprathreshold 
investigations into the relationship between light-
ing level and speed and accuracy of work. The tasks 
used in these experiments vary from Landolt rings 
[12, 13] search tasks using test sheets with a ran-
dom distribution of all numbers from 1 to 100 [14], 
verification tasks in which two printed number lists 
were compared [15, 16] and computer input data 
tasks [17]. CIE compared the different methods 
and concluded that the model based on Weston’s 
data (Landolt ring tasks) provides the best predic-
tion for visual performance under office conditions 
[18]. We, therefore, used Weston’s studies as a ba-
sis to calculate relative visual performance (RVP) 
for different contrasts between task and background, 
and for different background luminances. Fig. 4 
shows, for a visual angle of 8.8 min (same size as 
an 8.5-point letter seen from 50 cm) and 4.1 min 

(same size as a 4-point letter size from 50 cm), the 
so called RVP (Relative Visual Performance) bod-
ies as calculated for observers of 25 and 60 years. 
For easy to moderately difficult tasks, as occurring 
in many offices, it is shown that visual performance 
is not a key issue for determining what lighting lev-
el is required for young persons. In situations with 
more difficult visual tasks, visual performance be-
comes an issue. Visual performance of older work-
ers deteriorates considerably, and their performance 
should always become a consideration in setting 
lighting levels.

Disability glare, which is the form of glare that 
is responsible for a negative influence on visual per-
formance, has a neglectable effect on visual per-
formance under most interior lighting conditions. 
Glare in interiors should be limited by restricting 
discomfort glare. Discomfort glare will be discussed 
in the next Section 1.4: “Visual Satisfaction”.

The spectrum of light influences the threshold 
performance measure of visual acuity through its 
effect on the size of the pupil. Under many work-
ing conditions, however, this is of limited rele-
vance since most of the visual tasks are far above 
the threshold of visibility where the spectrum hard-
ly plays a role [19].

1.4. Visual Satisfaction

Visual performance, as described in the previ-
ous section, relates to the lighting of the task. The 

Fig. 5. Mock-up conference room with different dominant 
areas that were investigated in [20]

Fig. 6. Difference between light rays and light flow: small 
arrows represent light rays and the broad arrow the illumi-
nation vector; the diameter of the light tubes is inversely 

proportional to the magnitude of the vector: top: large 
illumination vector and corresponding small light tube; 
bottom: smaller illumination vector and corresponding 

wider light tube
Note: disks on the left are in reality infinitesimally small
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lighting of the whole space determines whether the 
overall appearance of the space is experienced as 
visually satisfying. The brightness of a space, the 
distribution of the luminance in that space, the di-
rectionality of the light, the degree of discomfort 
glare and the colour tint of light determine visual 
satisfaction.

For the characterisation of the visual appearance 
of a room two different metrics are proposed: the 
average luminance in a horizontal band with a width 
of 40° [20, 21, 22, 23] and the mean room surface 
exitance [24, 25, 26]. Fig. 5 shows the mock-up 
room used by Loe et al. [20] to study how well dif-
ferent “dominant” areas define the visual satisfac-
tion of a room. B40 showed the best correlation.

The directionality of lighting determines the ap-
pearance of three-dimensional objects and faces 
in a space. The concept of flow of lighting, illus-
trated in Fig. 6, allows for the calculation of the 
lighting’s main direction and strength at a point in 
space as a result of all light rays at that point. The 
vector-to-scalar ratio can quantify, and light tubes 
visualise, the flow of lighting. The latter enables 
a detailed analysis of the spatial and form-giving 
potential of lighting designs. With today’s avail-
able computer graphic software, methods for light 
tube visualisations of complete lighting installa-
tions have been developed [27, 28, 29, 30, 31]. Such 
software may become an indispensable tool for the 
modern lighting designer to check the lighting effect 
at literally every point in the space.

The unified glare rating UGR concept is used 
as a measure of the degree of discomfort glare. 

However, the UGR concept needs modifications for 
glare sources with a non-uniform luminance, such 
as many LED matrix luminaires. As mentioned in 
Section 1.1 (Fig. 1), some researchers have recent-
ly used as a basis for their discomfort glare consid-
erations the neural response to bright light and the 
mechanism of receptive fields. The process of neu-
ral signals being transformed in ganglion cells into 
edge detection signals (Fig. 2) is a promising can-
didate for quantifying discomfort glare from a fun-
damental physiological point of view. A CIE Tech-
nical Committee very recently defined a temporary 
correction of the UGR method until a fundamental 
approach based on physiological and psychological 
mechanisms provides practical results. The Com-
mittee concluded that the preferred correction meth-
od for UGR is the use of “effective light-emitting 
area” in the standard (unchanged) UGR formula 
[32]. The effective light-emitting area, Aeff, is deter-
mined from a high-resolution luminance image of 
the luminaire. For non-uniform luminaires, the ef-
fective light-emitting area is smaller than the phys-
ical light-emitting area, as illustrated in Fig. 7. The 
measurement and calculation procedure is described 
in detail in the corresponding CIE publication [32].

The spectrum of the glare source influences also 
discomfort glare: short-wavelength light sources re-
sult in more discomfort glare than long wavelengths.

The correlated colour temperature-based rule of 
Kruithof [33] works not good enough to predict vi-
sual satisfaction with light sources of different tints 
of whiteness.

1.5. Non-Visual Biological Mechanism

Daily (circadian) bodily rhythms, a fundamen-
tal property of human life, are synchronised by the 
natural 24-h dark-light rhythm. This entrainment by 
light is one of the non-visual biological effects of 
light. Without entrainment, the bodily rhythms will 
deviate from the 24-h rhythm. This misalignment 
will have negative health consequences, in particu-
lar on sleep quality. It also will result in lower alert-
ness and performance during daytime.

An, until recently, unknown type of photorecep-
tor discovered in 2002, the photosensitive retinal 
ganglion cell pRGC, connects with the suprachias-
matic nucleus SCN, a structure within the brain that 
acts as a master biological clock [34]. The SCN, in 
its turn, has pathways to the pineal gland, where 
melatonin is produced, and to the adrenal cortex re-

Fig. 7. Illustration of the effective light-emitting area of a 
luminaire, Aeff, as defined by CIE (2019) [32] for non-uni-

form luminaires to be used in the standard UGR discomfort 
glare formula
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sponsible for the production of cortisol. The hor-
mones melatonin and cortisol govern sleep and 
alertness. Cortisol increases glucose to give the 
body energy. It is sometimes, popularly, referred 
to as the energy hormone. Melatonin slows down 
some bodily processes and evokes sleep. Melatonin, 
popularly called the sleep hormone, reaches, in the 
case of proper entrainment, its maximum level in 
the middle of the night and is, again in the case of 
proper alignment, nearly entirely absent during day-
time. Cortisol, which produces glucose, provides 
the body with energy. It should have a sufficiently 
high level during daytime and reach its minimum 
during nighttime.

Light may, apart from effects on circadi-
an rhythms, also have direct, acute photobiolog-
ical effects that directly influence alertness and 
performance.

The spectral sensitivity of the pRGCs, given by 
their photopigment melanopsin, is different from 
that of rods and cones. Its sensitivity peaks in the 
blue part of the wavelength range. Rods and cones 
have a neural connection with ganglion cells, and 
consequently, their signals interplay with the sig-
nal obtained from the pRGC itself (Fig. 8). Much 
of this neural wiring is as yet unknown. Primarily 
because of this, it is impossible to define a single 
spectral sensitivity function or action spectrum for 
all non-visual effects of light. The correlated colour 
temperature can be used only as a rough indication 
for the characterisation of the spectrum of lamps for 
non-visual biological use. The spectrally weighted 
irradiances for the five human photopigments to-
gether are the best characterisation. Of these five, 
the pigment of the ipRGC, called melanopsin, is the 
more important one as far as non-visual biological 
effects are concerned.

The absorption spectra of the cones and rods are 
already long time known. CIE defined the spectral 
“melanopic sensitivity” based on measurements of 
the absorption spectrum of the photopigment mela-
nopsin in its international standard CIE026:2018 
[35].

The collective name for the five spectral weight-
ed irradiances is “α-opic irradiance”. Each of the 
five individual α-opic irradiances is named after its 
photopigment name, melanopic (pRGC), rhodop-
ic (rod), cyanopic (S-cone), chloropic (M-cone) 
and erythropic (L-cone) irradiances. Fig. 9 gives 
for some lamp types the calculated α-opic irradi-
ances for the five photoreceptors, for the condition 

1000 lx at the outer surface of the eye. These five 
“irradiances per 1000 lx” give a good insight into 
the effectiveness of a lamp in evoking a reaction in 
each of the five photoreceptors. For non-visual bio-
logical lighting applications, it may often be inter-
esting to compare the melanopic irradiance of a par-
ticular light source with the melanopic irradiance by 
daylight (of the same lighting level at the eye). For 
this purpose, Fig. 9 also gives, for each lamp type, 
the “melanopic equivalent daylight ratio Melanopic 
equivalent daylight (D65) factor DLeq”. It is the ra-
tio of the melanopic irradiance of the lamp to the 
melanopic irradiance of 6500 K daylight (CIE stan-
dard D65 sky). This ratio is also referred to as mela-
nopic daylight (D65) efficacy ratio (CIE2018) [35].

1.6. Light, Sleep, Alertness and Performance

A classical sleep model is based on an interac-
tion of two different processes. A homeostasis pro-
cess is characterised by increasing and decreasing 
sleep pressure after waking up and while asleep, 
respectively. The other process is a circadian one 
which provides the possibility to sleep: the sleep 
window. Light and darkness at the appropriate times 
strongly influence the latter process: daytime light 
influences sleep possibility during the subsequent 
night. Here, both the level and the spectrum of light 
play a role. Cooler white light is more effective than 
warmer white light.

Light affects sleepiness, alertness and perfor-
mance during daytime through two different routes 
(Fig. 10). Route 1 represents the circadian route de-

Fig. 8. Part of the retina with photoreceptor cells, includ-
ing photosensitive retinal ganglion cell, pRGC (in purple). 
White arrows represent signals to the brain as a result of 

the transformation of light incident on cones and rods, the 
blue arrow represents the signal from light incident on the 

opsin melanopsin of the pRGC
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scribed above and route 2 the direct photobiolog-
ical one. Route 1 starts at the moment of daytime 
light on the previous day (“yesterday”). Daytime 
light of yesterday affects the night-time sleep quali-
ty of yesterday, as discussed in the previous chapter. 
Therefore, the daytime lighting of yesterday influ-

ences sleepiness, alertness and performance of to-
day. Route 2, the direct photobiological route, con-
cerns light that invokes an acute activating effect as 
long as the lighting is available because of direct 
photobiological processes. A dynamic lighting sce-
nario for daytime workplaces, which dynamically 

Fig. 9. Alpha-opic irradiances of different lamp types for 1000 lx at the outer surface of the eye: S (S-cone) is cyanopic 
irradiance, Mel (melanopsin) is melanopic irradiance, Rod is rhodopic irradiance, M (M-cone) is chloropic irradiance and 
L (L-cone) is erythropic irradiance, DLeq is the melanopic equivalent daylight ratio (CIE D65); bars for melanopic irradi-

ances are shown somewhat broader to make them stand out
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changes both the lighting level and colour to ensure 
the positive effects of the two routes, is proposed in 
Fig. 11. It optimises between energy requirements 
on the one hand and requirements of visual and 
non-visual effects of lighting on the other hand.

1.7. Shift Work, Light, Sleep and Performance

The circadian rhythm of most night-time work-
ers who work under no extra bright light does not 
shift much [36, 37, 38, 39, 40]. It leads to a mis-
match of the body circadian rhythm and the night-
time work–daytime sleep rhythm. The body is as far 
as its circadian phase is concerned in the “biologi-
cal night” at the moment it has to work and in the 
“biological day” when it has to sleep. Table 1 lists 
the most important causes for the misalignment. 
The phase shift and thus, misalignment between the 
body circadian rhythm and the work-sleep rhythm 
have adverse effects on the health of the shift work-
er. It also affects sleep, alertness and performance 
adversely. Specifically designed shift work lighting 

can help reduce these problems. The night shift is 
considered to be the most disruptive one.

Depending on the duration, timing and rotating 
frequency of shifts and of the risk of work, the ob-
jective of shift work lighting is different. For per-
manent night-shift work and slow-rotating shifts, 
the goal should be a complete resetting of the cir-
cadian rhythm. For fast-rotating shifts, with change 
over periods of some 3–7 days, usually partial or 
compromise phase shifting offers an adequate possi-
bility that also allows the shift worker to have a rel-
atively normal social life. The circadian rhythm of 
workers in single-night shifts or very-rapid-rotating 
shifts should preferably not be phase shifted. These 
objectives can only be obtained with different light-
ing schedules. Recent research results are available 
as a basis for such schedules. Some lighting sched-
ules use bright white light of gradually changing co-
lour temperature; others use intermittent very bright 
light pulses of relatively short duration and again 
others, light of which the short wavelengths are fil-
tered (short-wavelength depleted white light).

1.8. Age Effects

The changes that occur with age in the optics and 
retina of the eye, and in the neurological pathways 
into the brain, have thoroughly been investigated 

Table 1. Three Causes for Circadian Misalignment in Shift Workers

Nighttime lighting: horizontal illuminance of 500 lx not effective in phase shifting
Daytime lighting before
and after daytime sleep: Bright daylight helps to stay entrained to the natural day-night rhythm

Days off: Switch back from “nighttime work” and “daytime sleep” to the natural day-night 
rhythm

Fig. 11. Lighting scenario for human-centric lighting in 
offices: the value of 250 lx melanopic equivalent daylight 
(D65) illuminance is the basis for the scenario. It corre-

sponds to roughly 750 lx horizontal illuminance (for 6500 
K, conventional type of light distributions and luminaires 
arrangement); the value of 500 lx for 3000 K corresponds 
to roughly 85 lx melanopic equivalent (D65) illuminance

Fig. 10. Two routes through which daytime light may influ-
ence daytime alertness and performance
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and are well documented [41, 42, 43]. These chang-
es have adverse effects on vision and on the circadi-
an system. Fig. 12 lists the causes of these adverse 
effects together with the adverse consequences for 
the visual and circadian system.

The optical changes in the eye with age con-
cern loss of eye-lens transparency because of yel-
lowing of the lens, structural changes in the cornea 
and eyeball (clouding), and a smaller pupil size due 
to loss of elasticity. They all have negative conse-
quences for the amount of light reaching the reti-
na. The effect of the yellowing of the eye lens also 
leads to loss of blue light which is especially a prob-
lem for both acute and circadian non-visual effects 
of light. Structural changes of the cornea, lens, vit-
reous body, retina and blind spot increase the scat-
tering of light by these structures towards the fo-
vea and consequently increase glare in the elderly. 
With increasing age, regeneration of the rod pig-

ment takes more time, and consequently, dark adap-
tation is slower.

Table 2 gives the combined effect of reduced pu-
pil size and reduced transmittance of the eye due 
to lens yellowing for an adaptation luminance of 10 
and 100 cd/m2, for a phosphor LED with a CCT of 
2700 K and 6500 K, respectively (Ra > 80).

1.9. Therapeutic Effects

Light can sometimes be a therapy for a disrupted 
circadian system. Light therapy, specifically timed 
exposure to light, is a particular form of chronother-
apy. Sometimes, light therapy does not cure the dis-
ease itself but helps to reduce negative symptoms of 
the disease.

SAD is the first disease that was treated success-
fully with light therapy, nearly 35 years ago [44]. 
Seasonal affective disorder (SAD) is a type of mood 
disorder in which people with normal mental health 
experience severe depressive symptoms during the 
same period each autumn or winter. SAD is some-
times referred to as winter depression. SAD related 
problems usually disappear after two weeks of dai-
ly clinical light therapy of white light of 2500 lx for 
some two to three hours or 10.000 lx for 30 to 45 
minutes [45].

In some cases, specific interior lighting can be 
applied as light therapy, next to its task of providing 
proper visual conditions. Light therapy for depres-
sions (seasonal and non-seasonal), sleep disorders, 
sleep disorders connected with Alzheimer’s and 
Parkinson’s disease, attention-deficit hyperactivity 
disorders (ADHD) and eating disorders are exam-
ples of this. In demented patients, the usual circa-
dian sleep-wake rhythm becomes often disturbed, 
in particular in patients with Alzheimer’s disease. 
Nighttime sleep is fragmented, and daytime activ-
ity is intermixed with napping. Nighttime wander-
ing and daytime aggression rather often accompany 
these symptoms. All these side effects of Alzhei-

Table 2. Combined Effect of Reduced Pupil Size and Reduced Eye Transmission due to Lens Yellowing 
on Light Reaching the Retina of Older Persons Relative to a 25-Year-Old, for Phosphor LEDs  

with CCT of 2700 K and 6500 K at an Adaptation Level of 10 cd/m2 and 100 cd/m2

Age
Transmission for 2700 K Transmission for 6500 K

Ladapt = 10 cd/m2 Ladapt = 100 cd/m2 Ladapt = 10 cd/m2 Ladapt = 100 cd/m2

50 relative to 25 years 0.84 0.91 0.83 0.90
65 relative to 25 years 0.75 0.86 0.72 0.83
80 relative to 25 years 0.65 0.78 0.63 0.76

Fig. 12. Causes and consequences of the adverse  
effects of the ageing eye
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mer’s disease can often be relatively well treated 
with light therapy by specific interior lighting in 
the room of the patient [46, 47, 48]. As an illustra-
tion of the positive effects that can be obtained with 
light therapy for Alzheimer patients, Fig. 13 shows 
the activity data, measured with an action watch, of 
an Alzheimer patient who participated in a classi-
cal study on this subject [49]. For the actual patient, 
the measured number of movements per hour is dis-
played on the vertical axis, while the horizontal axis 
gives the time for five consecutive days. The up-
per graph, measured before the treatment of the pa-
tient, shows the typical irregular sleep-wake rhythm 
of an Alzheimer patient. The lower graph gives the 
situation near the end of the light treatment peri-
od of the same patient with white light during each 
day (morning and afternoon) of an average illumi-
nance at the eye of 1140 lx (4100 K). The variabil-
ity of the activity pattern is considerably reduced 
with much activity during daytime and little activi-
ty during nighttime.

Irregular light-dark rhythms quite often occur 
in the patient rooms of hospitals. Specifically de-
signed daytime artificial lighting that supplements 
daylight entering the patient room can improve the 
sleep quality and mood of the patient and reduce the 
length of stay in the hospital.

1.10. Hazardous Effects

1.10.1. Lamp Flicker

Visual adverse effects because of lamp flicker 
fall into three categories: visible flicker effects, stro-
boscopic effects and phantom array effects.

Visible flicker stands for the annoying visual im-
pression of unsteadiness induced by light whose 
luminance fluctuates with time. The term “visi-
ble flicker” is usually shortened to just “flicker”. 
The stroboscopic effect relates to the change in 
the perception of moving objects under flickering 
light. When a static observer looks to a continu-
ously moving object, the object is typically seen as 
moving continuously and smoothly. However, un-
der certain forms of flickering light, such an object 
is perceived as moving discretely, i.e. jump-wise in 
staccato. Where the stroboscopic effect is caused by 
moving objects, the phantom array effect may arise 
with non-moving time-modulated lights when the 
eyes move across these lights. In addition to the real 
lights, non-existing phantom or ghost lights may 

appear. A typical situation where the phantom ar-
ray effect may arise is when driving behind a car 
of which the two rear lamps have a bad light-mod-
ulated waveform. The lamps are seen as an array of 
many more than two bright red lights stretched out 
around the car.

A metric to characterise the severity of visible 
flicker is the “short-time flicker severity”, Pst. [50], 
produced a standard that gives a functional and de-
sign specification for a flicker-measuring apparatus: 
the IEC flickermeter that measures Pst.

A metric for the stroboscopic effect is described 
as the “stroboscopic visibility measure”, SVM [51, 
52].

The phantom array effect can only occur in situ-
ations of high contrast between the light source and 
its background, with light sources smaller than two 
degrees while viewing directly into it. These situ-
ations are typical for night-time outdoor situations 
and do not occur in interior lighting applications.

Modern luminance and spectrophotometers can 
measure in an installation the frequency of flicker. 
Some can visualise the time-modulated light graph. 
Accurate meters for the measurement of the metrics 
Pst and SVM have been developed. A kid’s spinning 
top can easily be made into a simple tool to check 
whether the light of a particular lamp contains flick-
ering frequencies. For this purpose, the surface of 
the top must be provided with small white rectan-
gles regularly distributed in one or more rings on a 
black surface (Fig. 14).

Fig. 13. Activity per hour shown for a period of two times 
24 h of an Alzheimer’s patient with at the top the data be-

fore treatment and at the bottom after 2 weeks of treatment 
with light during the whole day of an average illuminance 

of 1140 lx on the eye [49]
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1.10.2. Blue Light Hazard

The wavelengths range of (400–500) nm of light 
associates with a relatively strong photochemical ef-
fect in retinal tissues. This range corresponds to blue 
light. The possible hazard associated with this visi-
ble wavelength range is therefore called “blue light 
hazard”. CIE (2002) [53] has defined a system of 
blue light hazard risk groups for light sources. It is 
based on the action spectrum (sensitivity spectrum) 
for retinal damage risk by visible light of different 
wavelengths. A survey of recent publications on the 
subject shows that the blue light hazard is not an is-
sue in general lighting that uses white-light sources, 
including white LEDs [54, 55, 56, 57].

1.10.3. Bright Light at Night

Bright light at night has the potential to disrupt 
the circadian rhythm which in turn could have ad-
verse effects on health in the form of gastrointesti-
nal, cardiovascular, metabolic (diabetes and obesi-
ty) disorders and possibly cancer. In this context, 
bright light is lighting level of at least 300 lx hori-
zontal illuminance. Van Bommel’s Interior Lighting 
book [1] summarises research in animals and epide-
miological studies with humans to provide informa-
tion about a possible link between cancer and bright 
light at night.

2. TECHNOLOGY

2.1. Lamps, Gear and Drivers

Today, for almost all lighting applications, LEDs 
have taken over from all traditional light sources in-
cluding gas-discharge lamps. This is in particular 
for reasons of efficiency and long lifetime.

Quality LED light sources have nowadays such 
a long life, 50,000 hours and longer, that it is not the 
failure rate that determines how long the LED light 
source continues to provide lighting up to specifi-
cation. It is, in particular, the LED parameter “lu-
men output” that determines operational life. When 
the lumen output becomes so low that the LED light 
source has to be replaced, that LED source has a so 
called parametric failure, although the LED source 
may continue to function for a much longer time. 
IEC defines LED lifetime by the parametric fail-
ure: “too low lumen output” (IEC2015) [58]. The 
moment at which the LED light source complete-
ly stops functioning is referred to as an abrupt or 
catastrophic failure. LED lifetime (by “too low lu-
men output”) is specified as Y hours of useful life 
based on the condition Lx B50. Here Y is the time 
(in hours) after which 50 % (B50) of a population 
of LED modules parametrically fails to provide at 
least a percentage x of the initial luminous flux. If 
only the Lx value is given (what is usually the case), 
B is assumed to be 50, meaning that 50 % of a set 
of LEDs of the same type failed to deliver the de-
clared percentage x of lamp lumen, i.e. B50. Which 
lumen depreciation percentage is relevant, is depen-
dent upon the type of application. L90, L80 and L70 
are values that may be relevant, and lifetime spec-
ifications without such Lx indication are senseless.

Fig. 15. Examples of different LxByCz conditions of a LED 
module

Fig. 14. Spinning top used to check whether or not light 
contains flicker frequencies; blurred rings at all spin-

ning speeds (b): no flicker frequencies; static white-grey 
rectangles at some spinning speeds (c, d): the light contains 

flicker frequencies (design of the top’s surface:  
Edy ten Berge)
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An essential point in the IEC standard is that it 
considers failures of single LEDs in a multi-LED 
module to contribute to the gradual lumen output 
degradation. The effect is incorporated in the lamp 
lumen depreciation and thus in the Lx condition. 
Abrupt, catastrophic, complete failures of a LED 
module are referred to as Cz: length of time during 
which z% of a population of LED modules of the 
same type fail to produce any luminous flux. Fig. 15 
gives typical examples of different LxByCz condi-
tions for a LED module.

The industry standard for lumen maintenance 
testing of a batch of LEDs is IES Document LM-80 
[59, 60]. The IES LM-80 documents prescribe the 
LED sampling method, the laboratory environment 
conditions, the photometric measurement protocol 
and the operating conditions (electrical and thermal) 
of the LEDs to be tested. The tests of one batch shall 
be done for at least 6,000 hours with data collec-
tion at a minimum of every 1000 hours. However, 
10,000 hours (or more) are preferred for improved 
predictive modelling. A LED type has to be tested 
at a minimum of two LED case temperatures which 
have to be specified by the manufacturer based on 
the recommended operating condition. However, 
one of the two case temperatures shall be 55 ºC or 
85 ºC to allow for mutual comparison of results, 
also between different manufacturers.

Tests according to document LM-80 provide 
no lifetime of the LED type tested. The data ob-
tained are the input for another IES document, 
TM-21 [61], that predicts through interpolation of 
the LM-80 data, useful life. The latter report permits 
for a prediction of the lumen maintenance percent-
age at a life six times that of the tested period (based 
on a minimum sample size of 20 pieces). More ex-
tended predictions are unrealistic because of lim-
itations in the extrapolation and lack of confidence 

in the data beyond. For an LM-80 tested period of 
6000 h, this corresponds to a prediction for maxi-
mum 36,000 h. For a tested period of 10,000 h, the 
prediction is for maximum 60,000 h. The measur-
ing points of the last 5000 h of the LM-80 test are 
used for the prediction. (For a test period of more 
than 10,000 h, the data of the last 50 % of the total 
duration are used). Shorter measurement intervals 
than 1000 hours provide, of course, more accurate 
results and are therefore preferred. Fig. 16 shows an 
example of the result of the mathematical interpola-
tion for a test sample of 20 LEDs of four different 

Fig. 17. Daylight factor contours for an office of 5.4×3.6 
m with window height and vertical position (as for the 

window shown in red in Fig. 12.7 in [1]); at the bottom, 
the corresponding percentages of the time that more than 
500 lx will be obtained, are given for June and December 

(based on daylight measurements in Bratislava,  
Fig. 12.3 right in [1])

Fig. 16. Examples of 
lumen maintenance 
interpolated curves for 
four different LED types 
according to IES TM-21, 
calculated from measure-
ment points obtained from 
tests based on IES LM-80; 
the coloured circles are 
measuring points; the 
black squares represent 
the projected lifetime for 
the conditions L90, L80 
and L70
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LED types. Two of them are tested over a period of 
6000 hours (Fig. 16-left) and two over 10,000 hours 
(Fig. 16-right). Table 3 gives for each type the pro-
jected values of L90, L80 and L70.

2.2. Daylight

Light is emitted at the outer layer of the sun, the 
photosphere. Due to the earth’s atmosphere, we also 
receive indirect sunlight that is scattered from mi-
croscopic particles in the earth atmosphere, which 
makes the sky bright and bluish. The daylight var-
ies with the sun’s position, which is dependent on 
the time of the year and day and on the location on 
earth. Weather conditions influence the sky con-
dition and therefore, also the daylight level and 
spectrum.

CIE has defined spectra for a series of standard 
illuminants that represent the spectra of daylight of 
different correlated colour temperatures [62, 63]. 
Daylight D65 with a correlated colour temperature 
of 6500 K is the most known type. The correlated 
colour temperature varies not only with the sun’s 
position but also with the presence and position of 
clouds and with the viewing direction of the observ-
er. Table 4 gives an indication of the variation of the 
correlated colour temperature of daylight for differ-
ent conditions.

CIE also defined different standard luminance 
distributions of skies for the purpose of daylight 
calculations [64]. The CIE standard overcast sky is 
usually used to determine the daylight factor that 
predicts the potential of daylight in buildings de-
pending on exterior obstructions, fenestration and 
interior inter-reflection. At many locations on earth, 
daylight measurements have been made that give 
quantitative data on the amount of daylight. By 
combining these location-specific data with day-
light factors, detailed insight is obtained in how 
much of the time and where in a lit space, sufficient 
daylight will be present. The daylight factor is de-
fined as the ratio of the illuminance at a point in an 

interior space on a given plane due to the light re-
ceived from a sky of a defined luminance distribu-
tion (excluding direct sunlight), to the illuminance 
on a horizontal plane in the open outside (without 
obstructions). The daylight factor is dependent on 
the dimensions and locations of the daylight open-
ings in the building and of the position in the build-
ing. Usually, the CIE overcast sky and the horizon-
tal plane are used as the standard situation. As an 
example, Fig. 17 gives daylight factor contours for 
a typical one- or two-person office room. The day-
light factor at a specific point in the room gives the 
daylighting potential of a building at that point for 
the poorest type of sky represented by the CIE stan-
dard overcast sky. What the actual illuminance at 
that point will be depends on the time of the day, the 
time of the year and the actual location on earth (sun 
position). As an example, the daylight factors of the 
contours in Fig. 17 have been converted based on 
daylight availability data of Bratislava, into per-
centages of the time that more than 500 lx horizon-
tal illuminance is obtained in June and December 
respectively.

2.3. Luminaires

The optical system of a luminaire may make use 
of mirrors (reflectors), micro lenses (refractors) and 
diffusers. With the introduction of LEDs, anoth-
er possibility, that of total internal reflection (TIR), 
can also be used to produce precisely controlled 
beams. Total internal reflection may occur if light 
travels from a medium with a higher optical density 
to a medium with a lower optical density, i.e. from 
high to low refraction index. Glass and plastics have 
higher refraction index values than air. This means 
that at the boundary between the medium and air, 
refraction is away from the normal to the boundary 
layer, as shown in Fig. 18-left. The middle picture 
of Fig. 18 shows the situation where the light inci-
dence angle is such that the refraction angle is 90° 
and thus parallel to the boundary surface. That in-

Table 3. Lifetime Values for the Conditions L90, L80 and L70 of the Four LED Types of Fig. 16

LED  
type

Test duration,
h

life for L90,
h

life for L80,
h

life for L70,
h

A 6000 22,000 > 36,000 > 36,000
B 6000 10,000 20,000 30,000
C 10,000 28,000 60,000 > 60,000
D 10,000 12,000 22,000 33,000
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cidence angle, corresponding to 90° refraction, is 
called the critical angle. It varies, depending on the 
type of plastic or glass, between approximately 30° 
and 40°. If light incidence is larger than this criti-
cal angle, light cannot leave the medium and is re-
flected with a very high reflection percentage (near-
ly 100 %) as shown in Fig. 18-right.

Total internal reflection with its extremely high 
reflectance is often used in combination with LEDs 
to produce efficient and precisely controlled beams 
in downlight and small floodlight type of lumi-
naires. Often this TIR-optics is combined with a 
collimator lens. Fig. 19 shows an example of such a 
“hybrid” TIR-lens system. The TIR part controls the 
largest part of the light radiated from the LED chip, 
while the integrated collimator lens, located in the 
centre of the system, controls the light radiated from 
the chip into the central directions.

2.4. Connected Smart Lighting

Connected smart lighting refers to lighting in-
stallations in which the luminaires, with integrat-
ed sensors, are interconnected in a wired or wireless 
network to both control and monitor the lighting. 
Microcontrollers and many sensors, like light, oc-
cupancy, temperature, humidity and noise sensors, 
are small enough to be incorporated in a luminaire. 
In this way, the luminaire becomes both a source 
of light and information. Connected, smart lighting 
systems using such luminaires can be used for many 
more purposes than energy conservation alone. By 
collecting, for example, data on the actual use of 
a space and the movement of people, automated 
space management is possible while ensuring user 
satisfaction. The sensors used in the smart lighting 
network can be expanded with sensors that mea-

sure parameters needed for other installations in the 
building such as temperature, humidity and air qual-
ity sensors. The smart lighting network so becomes 
the “heart” of a smart building.

Smart networks can use many different protocols 
for communication between all the connected de-
vices. For wired networks, the 0–10 V DC, DALI, 
DMX 512 and DMX 512-RDM protocols, and for 
wireless networks, for example, the ZigBee, Blue-
tooth and Wi-Fi protocols. Fig. 20 shows an exam-
ple of a ZigBee network.

Ethernet data communication cables can be 
used, simultaneously, for data communication and 
for supplying power to connected electric devic-
es including LED luminaires: power over Ethernet 
(PoE). The latest standard of IEEE (2018) increases 
the maximum power to 90 W per connected device. 
This is possible because this standard allows for 
data over all four pairs of the ethernet wires. Since 
the power is DC and the data communication sig-
nals are of high frequency, there is no interference 
between the data and power signals over the same 
cables. Power of 90 W makes it possible to provide 
power for LED luminaires over ethernet in many 
smart lighting installations. The use of a separate 
mains power cable net is thus no longer needed. It 
reduces cable and installation costs considerably, 
makes the system more robust and simplifies main-
tenance and making changes.

Fig. 19. Example of a rotation-symmetrical TIR lens solid 
body for an LED; blue rays are the result of TIR and red 
rays the result of the integrated collimator lens (indicated 

with a lighter tint)

Table 4. Approximate Indication of Correlated 
Colour Temperatures (CCT) of Midsummer Daylight 

under Different Conditions

Shortly before sunrise ±4000 K
Shortly after sunset ±4000 K
Sunrise and sunset ±2000 K
Direct midsummer sunlight 
(midday) 5800 K

Overcast sky (5500–6000) K
Shadow in clear sky (midday) (7000–8000) K
Clear sky (midday) (9000–30,000) K
Clear sky (midday) (9000–30,000) K

Fig. 18. Refraction and, for θ > θcrit, total internal  
reflection (TIR)
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2.5. Light beyond Illumination

Light from LED luminaires can be used simul-
taneously for lighting a room and for wirelessly 
transferring data in that room. The term used for 
this emerging kind of wireless data transfer is “Visi-
ble Light Communication, VLC”. For VLC purpos-
es, the light is encoded and modulated without af-
fecting the illumination quality. Of all light sources, 
only LEDs are suitable for visible light communica-
tion. This is because the luminous flux of LEDs var-
ies nearly instantaneously with a variation of cur-
rent through the LED. Only in this way, light can be 
modulated at high speed, i.e. the light “on” and light 
“off” condition can be produced at extremely high 
frequencies.

VLC can be extended into a bidirectional data 
communication system with a down- and uplink. 
It is referred to as Li-Fi. It is a much-needed alter-
native for, or a complement to, the congested Wi-
Fi wireless communication system. Of course, it 
would be disturbing if for the uplink visible light 
is used. Disturbing light beams would be radiat-
ing from all connected devices in the room, such as 
PCs, laptops and smartphones. So, while with Li-
Fi, the downlink indeed uses visible light, the up-
link uses either invisible infrared radiation or Wi-
Fi (Fig. 21).

The dual function of LEDs enables, apart from 
data communication, many new applications. Ex-
amples are the use of room lighting for indoor nav-
igation and for sensing objects in a room. Using 

light as a sensor with only the light itself enables 
the determination of the contours of objects and 
even the pose and movements of persons (sitting, 
standing, laying, and walking). This information, in 
turn, can be used as input for all kinds of automat-
ed reactions.

3. APPLICATION

3.1. Lighting Quality and Standards

The quality of an interior lighting installation 
must be expressed by photometric values that in-
fluence visual performance, visual comfort and 
non-visual biological effects. The photometric pa-
rameters that can be used for specifying, designing 
and measuring the quality of interior lighting in-
stallations range from parameters for illuminance 
level and illuminance uniformity, wall and ceil-
ing luminance, glare restriction, three-dimension-
al object and face recognition, modelling, colour 
appearance and colour rendering. However, inter-
national standards and recommendations prepared 
by recognised lighting standardisation bodies that 
specify lighting from the point of non-visual bio-
logical effects do not yet exist. CIE issued a stan-
dard that defines the spectral sensitivity function 
for the photosensitive retinal ganglion cells in terms 
of the melanopic irradiance [35]. In a 2019 position 
statement, CIE proposes to take the non-visual re-

Fig. 21. Bidirectional Li-Fi data communication network 
with visible light downlink and invisible infrared uplink

Fig. 20. ZigBee wireless network with a coordinator, 
devices with a router function to their neighbour devices 
embedded in smart lamps and sensors, and end devices 

without a router function
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sponses to light into account by using the melanopic 
equivalent daylight (D65) illuminance, the mela-
nopic EDI [65]. This unit is recommended to be 
used in future recommendations for non-visual bi-
ological effects.

3.2. Design Aspects

The lighting design process varies with the type 
of application and with the character of the design-
er. As far as the technical aspects of the lighting de-
sign process are concerned, five steps can be identi-
fied that are common to most lighting applications. 
They are listed, in the sequence of the design pro-
cess, in Table 5.

With regard of the choice of the lighting system, 
the advantages of general lighting, localised lighting 
and their combinations have to be considered, just 
as the advantages of direct, indirect and combina-
tion of direct and indirect lighting. Dynamic light-
ing scenarios for office and industrial lighting that 
optimise performance, health and well-being have 
to be defined. For classroom lighting, dynamic au-
tomated lighting with the possibility for the teach-
er to put the lighting in a concentration or relaxation 
mode is a possibility. Fig. 22 shows a scheme that 
shows the relation of most of the beneficial light-
ing effects on the performance and well-being of 
the pupils.

For wardrooms and intensive care units in hospi-
tals, lighting that provides a robust and regular cir-
cadian rhythm for the patients can result in potential 
advantages for their recovery. Dynamic lighting in 
nursing homes for the elderly can provide not only a 
robust circadian rhythm but also a therapeutic effect 
for many Alzheimer’s patients with regard to their 
sleep-wake rhythm.

Emergency lighting has to be designed to ensure 
the safety of users and visitors of a building when, 
in the case of a calamity, the normal lighting fails.

3.3. Calculations and Measurements

The lighting designer has to perform lighting 
calculations in order to arrive at solutions that sat-
isfy the relevant lighting requirements. Universal-
ly applicable computer programs are available for 
this purpose. The lumen method of calculating the 
lighting level on the working plane is a simplified 
“calculation-by-hand” method. It provides inexpe-
rienced lighting designers with a tool to learn to un-
derstand, for different types of light distribution, the 
effect the room dimensions and reflectances have 
on the resulting average horizontal illuminance of 
the room.

The measurements carried out in connection 
with interior lighting fall into three categories: those 
to determine the lamp properties, the luminaire 
properties and the installation properties. The mea-
surements of the first two categories are mostly car-
ried out in laboratories. They concern the measure-
ment of the luminous flux of lamps and luminaires, 
the light distribution and light-emitting area of lu-
minaires and the spectral data of lamps.

Field measurements are carried out on new in-
stallations to check whether they fulfil the quality 
specifications, and on installations already longer 
in use to reveal whether there is a need for mainte-
nance, modification or perhaps replacement. They 
concern illuminance, luminance and glare measure-
ments. Light-logging devices are used to gather in-
formation about the light dose persons are receiving 
under different circumstances.

Today, with the availability of LEDs with wide-
ly different light colours, it is essential that the light-
ing professional can check the colour properties of 
light in the field. Fortunately, relatively low-cost 

Fig. 22. The relations between lighting effects that together 
influence school performance and well-being of pupils and 

students, [66]

Table 5. The Five Phases of the Lighting 
Design Process

1. Analysis of the lighting functions
2. Determination of the relevant lighting quality pa-
rameters and their values
3. Choice of the lighting and control system
4. Choice of the lamp and luminaire types
5. Determination of the number and positions of the 
luminaires
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spectrophotometers, without moving parts (contrary 
to most laboratory devices), have become available. 
Most such meters have embedded software that cal-
culates from the measured spectrum all kind of co-
lour characteristics such as chromaticity coordinates 
x and y, position in any chromaticity diagram, CCT, 
Ra, Rf and Rg values. These values can be displayed 
together with the spectrum itself on the meter im-
mediately after the measurement.

For the measurement of the detailed luminanc-
es of a lighted scene, luminance mapping technolo-
gy is more and more used. This technology makes 
use of CCD cameras. The perspective image of the 
scene to be measured is projected on the CCD’s 
pixel matrix. The signal of each pixel is propor-
tional to the luminance of the corresponding scene 
element. Depending on the meter’s position and ori-
entation relative to the scene, the perspective image 
can be converted through complex mathematical 
calculation software into a plane, non-perspective, 
image in which each pixel represents a small, same-
sized scene area. From a single measurement, the 
software subsequently calculates the average scene 
luminance and the luminance uniformities. Camer-
as with incorporated luminance mapping software 
are also referred to as imaging luminance measuring 
devices (ILMDs). Sometimes it is desired to mea-
sure glare on location. For this purpose, ILMDs de-
vices can also be used. Fig. 23 shows an example 
for an office with one single Luminaire.
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ABSTRACT

This article addresses one of the most active-
ly developing types of design activities –  light de-
sign. The article comprises quotes of the leading 
Russian and foreign light design specialists pub-
lished over the previous five years, as well as the 
authors’ own conclusions. The thoughts quoted in 
the article are sometimes opposite to each other and 
reflect the wide spectrum of professional practice. 
They reflect the initial opinions of analysts and ex-
perts which are often diverging. All of the special-
ists point at the interdisciplinary nature of the new 
profession, which imposes additional load on a de-
signer overloaded enough already by the scope and 
speed of the problems being solved nowadays. The 
discussion of the new profession of light design-
er initiated on the pages of professional publica-
tions is especially important in view of the devel-
opment of professional standards and standards of 
design and architectural education, as well as cre-
ation of new educational programmes based on var-
ious approaches to the subject in technical and hu-
manitarian institutions. The goal of this article is to 
introduce light design into the field of fully legit-
imate sections of design culture, to define the au-
thentic scientific basis of the new creative profes-
sion, to initiate a foundation for self-determination 
of the new synthetic area, which materially affects 
the state of the profession as a whole and the life 
standards of a wide variety of consumers. In order 

to reach the set goal, a comparative and analytical 
method of study was selected, which allows study-
ing the problem to a large extent and from all angles 
and finding the ways of overcoming the challenges 
emerging in the area of the new activity.

Keywords: light design, design culture, com-
fortable habitat, creative imagination, architectur-
al illumination, illuminating forms, video mapping, 
light festival, light engineer, light designer, art de-
vices of illumination, light architecture

1. INTRODUCTION

It is probably hard to find a design sphere, which 
has been developing with the same speed as the 
light design over the recent years, except the me-
dia design, which has been steadily developing by 
virtue of intensive advancement of technologies. 
That is why the goal of this article is to introduce 
light design into the field of fully legitimate sec-
tions of design culture, to define the authentic sci-
entific basis of the new creative profession, to lay a 
foundation for emancipation of this new synthetic 
area which materially affects the state of the profes-
sion as a whole and the life standards of a wide vari-
ety of consumers. In order to reach the set goal, the 
comparative and analytical method of study is the 
most appropriate, as it allows studying the problem 
to a large extent and from all angles and finding the 
ways of overcoming the challenges emerging in the 
area of the new activity.
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The rise of the new design profession is large-
ly related to its multidisciplinary nature originat-
ing in engineering and technical, digital and design 
and cultural fields. The technical component has 
become the initiating force, which constantly fu-
els, transforms, advances and enriches the design 
and art sphere of light design occupying new areas, 
changing formats and developing art devices.

The God’s phrase: “Fiat Lux!” (“Let there be 
light!”) would always be an invisible component of 
any design action filling it with sacral mysticism. 
The ultimate priority faced by light designers plac-
es their idea in close quarters with the unparalleled 
act of the Lord. According to N.I. Shchepetkov: 
“appearing of light design and its development in 
industrially-developed countries is related to suffi-
ciency of produced electrical energy, the progress 
of lighting devices and constant enhancement of life 
standards, among which visual comfort, informative 
value and art perfection of the created environment 
are playing an important role” [1].

Self-determination of the profession remains the 
most important problem of the industry. Experienc-
ing certain responsibility for the fate of the new pro-
fession, D.N. Makarov notes: “…to define the bor-
der between functional illumination designed by a 
light engineer and light design remains a complex 
and diverging problem… Who is a light designer? 
Is this term based on deep engineering education 
with addition of architectural and/or design ones or 
vice versa?” [2].

The discussion determining the borders of the 
term “light design” involves also the objects cre-
ated by means of light technologies, the works of 
“light art” and functional light design. If we go by 
different art and technological factors, the problem 
of search for the uniform determination of the pro-
fession seems to be almost infeasible. Determining 
light design, a number of authors emphasises the ar-
chitectural genesis of the profession studying “…in-
teraction of light with the environment and its im-
pact on visual perception, emotions and health…” 
[3], categorising the new profession as “architec-
tural illumination” and “light architecture”. Accord-
ing to competent authorities (N.M. Gusev, V.G. Ma-
karevich), “light architecture” considered as the 
dialogue between architecture and natural and arti-
ficial light [1] has been giving way to light design 
which is nowadays being supported by such partic-
ipants of the dialogue as, in particular, N.I. Shchep-
etkov, the founder of contemporary Russian light 

urban studies. Besides, as a section of light design, 
light architecture becomes light-emitting, funda-
mentally differing from “daytime” architecture.

A number of specialists consider the architec-
tural component of the profession the main one us-
ing such expressions as “light architecture”, “archi-
tectural light engineering” and even “light science” 
[4]. Determining the new profession, A. Kovsho-
va writes: “…a light designer is a mix of the pro-
fessions of architect, light engineer and artist “ [5]. 
Supplementing his colleagues, D.N. Makarov notes: 
“…it’s a person who is able to paint with light but 
at the same time understands the nature of his/her 
“brushes” [2] and, at the same time, it’s “a spe-
cialist who is in charge for design of a lighting in-
stallation for… the environment where people are 
present for a long period of time”, who acts within 
the framework of an architectural project, in close 
contact with, and under supervision of an archi-
tect [2]. All of the above unites the description of 
the “contemporary view on matters of illumina-
tion” (A.G. Khadzhin [5]). The master of the light 
design N.I. Shchepetkov draws the line: “…to sum 
up, light design is just a visual component of archi-
tecture with artificial light… It has originated, ex-
ists and is developing in the fold of architecture,… 
a part of material and engineering structure of an 
architectural, engineering or landscape object. It is 
fundamentally wrong to set light design apart out of 
architecture” (N.I. Shchepetkov [6]).

2. FACTOR MODEL  
OF THE PROFESSION

Nowadays, the planet of artificial illumination 
is based on three pillars, the three main basic as-
pects of light design: aesthetic perception, ergonom-
ic component, i.e. functionality of illumination, and 
energy efficiency [7]. The light design is recognised 
as the interdisciplinary specialty requiring funda-
mental knowledge of engineering, architecture, his-
tory, design and culture (V.P. Budak [5]). “Now-
adays, light design has been becoming the most 
important element of visual culture integrating artis-
tic expression and compositional vehicles, function-
ality aesthetics, which design objects are distinctive 
for, as well as the newest scientific and technical ad-
vances in optics and engineering”, justifiably states 
N.V. Bystryantseva [8].

The authors consider the project component of 
“architectural lighting” or “light design” proposed 
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by Ju.B. Aizenberg, as the most appropriate basic 
definition. It is the intersection of science (light en-
gineering), visual arts, engineering work and ar-
chitecture; “a designer is not an artist at all; design 
means drafting, fabrication, and lighting design 
means lighting decoration 1” (Ju.B. Aizenberg [6]). 
“Light design is designing of light or is designing 
by means of light,” where the bivalence is expressed 
in priority of sometimes aesthetic component and 
sometimes of functional component of light design 
[9].

Still the profession of light designer is not able to 
find necessary stability. Over the first two decades 
of the new century, still without complete self-de-
termination, it was forked at different directions 
aiming at occupying new spheres. The priority of 
design approach to variable format of light design 
has helped the authors to express its most important 
vectors of development.

The variability of design strategies in light de-
sign is directly related to dramatic change of the 
light paradigm itself in design culture. That is where 
the problems of light environment organisation the 
scientific and practical community faces derive 
from. The light is used as a tool to form and space 
modelling in visual arts, architecture and design at 
the level of experimental and practicable designing. 
The precise order of the light design process is a 
methodological support here: from “light plastics”, 
“light form” and “light area” (N.I. Shchepetkov), to 
the concept of designing of an urban light panora-
ma as a large-scale light and silhouette component 
(V.E. Karpenko).

The contemporary potential of light technolo-
gies assisting in appearing of new methods of work 
with “light-bearing matter” is based on a wide range 
of materialised innovations. Primarily, these are the 
products based on energy-saving technologies (lu-
minaires with LEDs). However, the process of light 
design development in Russia in the area of en-
ergy-saving technologies was distinctive for “ex-
tremely low price of electric power, which creat-
ed favourable background for inefficient solutions 
based on incandescent lamps, halogen and fluores-
cent lamps with primitive luminaires…” [10], un-
like the European countries and the USA where, 
thanks to expensiveness of power and extreme lev-
el of competition, the energy-saving programmes 

1 As it is noted below, lighting design is primarily under-
stood as illumination design. –  Ed. Note.

with LED lighting, being appropriate to a large ex-
tent, have spread. Since 2011, the projects based on 
organic LEDs have started appearing, namely the 
technologies of shadow-less light sources (in par-
ticular, displays made of organic carbon molecules), 
which are much cheaper in production than LEDs, 
and these light sources themselves provide a full 
scope to designing imagination [11].

Minimisation and energy saving have formed 
a section of a fashionable and innovative industry. 
“Integration of technological innovations, including 
light design, with the morphology of modern cos-
tume, use of retro-reflective fabrics, LEDs and oth-
er technological methods assisted in enhancement 
of aesthetic and ergonomic features of costume: re-
freshing the thesis of the post-industrial society “the 
form follows the emotion” as well as just ergonomic 
reasons related to higher visibility of an illuminated 
costume during night time.” [12]

3. LIGHT ART SHOWS

The festivals and competitions are becoming the 
media for the newest trends of the profession. The 
most integrated picture of the newest design trends 
in the sphere of light design is provided by conven-
tional contest programmes such as Russian Light 
Design and a number of other projects. The scientif-
ic and creative subject of the Light Architecture fes-
tival and contest organised by the Moscow Union 
of Architects with support of the Government of 
Moscow and the Architectural and Town-Planning 
Committee of Moscow in 2015 as part of the Inter-
national Year of Light and Light-based Technolo-
gies was architectural lighting and interaction of 
light and architecture on the basis of contemporary 
light engineering solutions. It is LED technologies 
that the most of the noted contemporary profes-
sional trends in the sphere of form making derived 
from as they provided portability (minimalism of a 
LED module) and flexibility of structures capable 
to change form and assisted in invention of a brand 
new light source with corresponding potential of 
decorative lighting (priority of lighting element, the 
“form” of light).

According to the experts of the competition, the 
potential of light as an object and subject of design 
included a number of parameters:

– Environmental friendliness;
– Integration of light into different surfaces of 

design and architectural objects;
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– Perception of light as a material: the newly de-
signed construction and finishing materials are al-
ready the sources of light;

– Adjustment of luminous flux and chromatici-
ty of radiation, temperature settings, light spectrum 
and intensity dynamics, control of emotions;

– Capability to control light devices using 
scripts and different technical units including re-
motely-operating ones [13].

4. CONCEPTUAL APPROACH TO LIGHT 
DESIGN

Light design approaches have been increasing-
ly basing upon the concepts, which blaze a trail to-
wards new solutions. Gradual complication of the 
goals of light environment design has required a 
more convincing elaboration of both art and con-
tent-related components of any object. Over the last 
five years, the requirements to projects have signifi-
cantly risen in the international market: now cus-
tomers are attracted by “comprehensiveness” of 
solutions. “Now it is not sufficient just to create a 
design of illumination, now it is necessary to work 
out its integration into urban environment as well 
as the scenario of the area being created” [14]. The 
era of light scenarios witnesses emancipation of the 
profession, indicates transition to captivating, theat-
rical lighting projects.

Interest in scenarios marks the transition from 
“sense-based architectural lighting (light design) to 
entertaining commercial and advertising light de-
sign” [6]. Visual environment of events acted as a 
catalyst for development of one of the areas of light 
design related to show business, museum and exhi-
bition spaces, city festivals, etc. Multimedia devel-
opments of light scenarios of the era of digital tech-
nologies still remain an experimental area of work 
with light as a form, actively creating new forms 
of light presentations. This includes video map-
ping based on 2D and 3D projections (architectur-
al structures, natural objects, water fog, waterfalls, 
etc. act as a screen), laser installations, holograph-
ic sculptures, art objects based on light and colour 
dynamics, etc. Light becomes a part of a director’s 
game with a spectator, means of communication 
and orientation. A convenient scenario may be se-
lected for each form of leisure. At the same time, 
scenarios are appropriate anywhere, even in the 
bathroom… [15]

5. DIGITALISATION OF LIGHT DESIGN

Scenarios added dynamics to perception of orig-
inally static “light architecture”. The pursuit of 
form-creating potential of light on a kinetic basis in 
art practice which had been initiated by designers 
of the avant-garde era had been continuing during 
the whole 20th century and transformed into exper-
iments with light based on the newest digital meth-
ods. A wide range of light media objects finds real 
contours in the creative dialogue between the engi-
neering, directing and art components dynamically 
actualising technical innovations of media and light 
industry. This shining planet may be identified by 
the term “intelligent light”.

Enhancement of software creates opportunities 
for creation of interactive objects where a human 
is integrated into a dialogue with a “smart” light 
source. Here are some examples. The iBar technol-
ogy is an intelligent surface of a bar counter with an 
integrated video projector, intelligent object-track-
ing system for dynamic interaction with movements 
on the counter, illuminated or virtual sensor ob-
jects, etc. The Light ID intelligent light technolo-
gy by Panasonic, which allows information reading 
from any object illuminated by a LED light source, 
was used in The Pushkin State Museum of Fine 
Arts in Moscow. The mobile application designed 
for this purpose includes a multilingual database of 
exhibits.

The Smart City project opens large opportuni-
ties for enhancement of the intelligent light. “In 
the standard of a smart city developed by the Min-
istry of Construction of Russia in October, 2018, 
the criteria of “smart” cities include modernisa-
tion of street and indoor lighting; at technological 
level, a city is made smart by means of a complex 
multi-level system… The first and the largest Rus-
sian product developed with fully-featured appli-
cation of digital content of smart city technologies 
was the Light City project (Ivanovo)” [16]. The in-
novative technologies of light design with comput-
erised illumination system were applied to famous 
architectural objects of Rostov-on-Don.

Development of interactive, multimedia light 
models and selection of a smart design solution re-
quires development of a new and more perfect soft-
ware and technological support (IT and multi-
media technologies). In his comment to the design 
specification for the best concept of exterior fa-
cade of the General Staff Building on the Palace 
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Square in Saint Petersburg, V.P. Budak notes that 
the DIALux software as a project modelling tool 
should be replaced by Lightscape and similar soft-
ware [17].

Despite the importance of the engineering and 
technical component of the profession, according to 
the Dutch light designer Rogier van der Heide, cre-
ative impulse retains its priority: “You have to dis-
cover new methods of lighting, to understand opti-
cal properties of the Sun and artificial light sources 
to find new solutions. Also, never reject good ideas 
if you think there are no appropriate technologies 
for them. These technologies, sometimes, just need 
to be searched… “ [14].

6. LIGHT DESIGN AS ART

Recognition of light as a tool for artistic 
from-making takes light design to the level of gen-
uine art. According to G. Nelson: “…when it comes 
to creation of a work of art, technical enhance-
ments, whether they are related to the process of 
processing or to materials, absolutely don’t affect 
the final goal…” [5]. Technological breakthrough in 
light design has allowed us to create new genres in 
the multimedia format. Video mapping is a genre of 
audiovisual art which uses visual illusions projected 
onto different surfaces. The LUX AETERNA Light 
Theatre (established in 1982) functions on the basis 
of unique light technologies and creates a light and 
music show comparable with limitless outer space 
by means of a light brush and lasers in total absence 
of actors. The director Daniil Fridman based his 
light and music visions addressing sensory percep-
tion of spectators on the idea of composer Alexan-
der Skryabin on colour perception of music.

Experimental searches of light designers related 
to technical know-how are based on emotional na-
ture of light visions, which allows viewers to recog-
nise them as related to the sphere of artistic creativ-
ity. In the A. Walter’s theory, “emotional design” 
(similar to the Maslow’s hierarchy of needs) occu-
pies its lawful “superstructural” position: “the prod-
uct shall become functional, reliable and convenient 
before it is able to give pleasure” [18]. According to 
the Russian light designer S. Sizy’s interpretation of 
the emotional design theory, any light environment 
is created not only to implement the necessary func-
tions but also with consideration of perception ex-
perience of users, their emotions and the mood ap-
propriate in the given context [19]. The emotional 

and artistic aspect opens a wide field for original 
versions of light design.

In 2017, in his lecture “Concrete, Steel, Light 
and Emotions”, light designer D. Skira (the found-
er of the Skira studio) claimed that “customers are 
attracted by comprehensiveness of solutions, today 
it is not enough just to create a project of illumina-
tion, it is necessary to work out how it is integrat-
ed in the urban environment as well as the scenar-
io of the space being created” [14]. The emotional 
setting of illumination becomes a part of compre-
hensive light design solutions at the same level with 
functional requirements of work processes acting as 
a motivating factor.

The original version of stylisations in light de-
sign is closely related with the concept of emotion-
al design. The methods of form-making in design of 
luminaires of the Radio Lamp collection are based 
on constructivism approaches, transformation of the 
shape of the Shukhov tower in Moscow. Design-
er O. Podolskaya creates luminaires using stylistic 
reminiscences of the spires of Stalin’s skyscrapers. 
Stylizations of visions of nature supported by high 
technological level open the “bionic direction” of 
light design “providing creation of complex bion-
ic forms” [13].

The enhancement of social status of light design, 
increase of its role in arrangement of public interi-
or and urbane spaces, turn a designer into a subject 
of the new cultural tradition. Creative space of light 
design becomes an area for solving of current prob-
lems of modern society.

Urban holiday environment is one of the exam-
ples of use of different light scenarios. New Year’s 
performances of the recent years provided examples 
of art objects representing Christmas trees, Christ-
mas fairs, examples of New Year illuminations of 
outstanding architectural and engineering objects 
(e.g. the Eiffel Tower), illumination of ice figures. 
In Moscow, the Christmas Light annual festival 
has become a tradition. Big cities, such as Moscow, 
St. Petersburg, Ekaterinburg, develop special pro-
grammes for creation of architectural illumination 
under the “Light City” slogan.

Creation of new behaviour scenarios introduced 
into the urban culture promotes active lifestyle. 
Popular online magazine 4living provides an ex-
ample of Sweden where a programmed interactive 
light installation has solved several tasks at once: il-
lumination of a dark district eliminated the problem 
of attacks on cyclists and creation of a light dom-
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inant element helped hooligans become admirers 
of street art, and popularity of evening running and 
cycling of urban citizens has increased at the same 
time. Interactive elements of a costume form new 
culture sets: additional functions stimulate an ac-
tive life because activation of built-in gadgets often 
directly depends on physical and social activity of 
their owner. “Being an irreplaceable tool of artistic 
expression in… spatial, temporal, and spatial-tem-
poral arts, light is a potential medium for a number 
of such properties, as… picturesque, architectonics, 
graphics, scenarios, etc. Therewith, it may be con-
sidered as a cultural phenomenon in which the dia-
lectical conflict between design as understanding/
constructing of objective and social world surround-
ing human and “high” art as artistic and visual un-
derstanding/exploration of reality has been mani-
festing itself to the fullest extent” [9].

The phenomenon of light filled with social-cul-
tural senses was reflected in the proceedings of the 
conference “Light Design 2015. Light Culture”. The 
agenda was opened by the speech of N.I. Shchep-
etkov (MArhI (GA)) who indicated the recurrent 
theme of the conference: “Light design and light 
culture” [20]. Light design has found its place in 
the informational and cultural space of the Inter-
net. Based on the LightOnline.ru project of 2004, in 
2009, the portal http://lightonline.ru/svet appeared, 
which is represented by a team of professional light 
engineers who have many years of experience in the 
Russian light engineering market.

7. LIGHT DESIGN AND LIGHT 
ENGINEERING: DIALECTICS 
OF INTERCONNECTION

Since the first decades of the 20th century, light 
design has acquired a stable theoretical basis in 
light engineering. However, the scientific ambitions 
of the profession have turned out to be much wid-
er over time. The scientific component of the pro-
fession developed gradually filling with knowledge 
of allied disciplines such as architecture, art histo-
ry, etc.

Part of the authors is depriving the design and ar-
tistic components of the profession of scientific ba-
sis. “The utility nature of light design is the share of 
science whereas the artistic one is the grand purpose 
of the new art” [21]. Some authors unite the terms 
“light designer” and “light engineering” saying that 
“the former implies transition to the internation-

al light engineering language and the latter implies 
transition to the regional one” [2]. In Dr. Aizenberg 
view “You have to discover new methods of light-
ing, to understand optical properties of the Sun and 
artificial light sources to find new solutions. Also, 
never reject good ideas if you think there are no ap-
propriate technologies for them. These technologies 
just need to be searched…” [14].

Ju.B. Aizenberg: “…the considered field of ac-
tivities is by no means based on any scientific foun-
dation apart from the laws the “light engineering” 
is based on, so it cannot be called a scientific dis-
cipline. …architectural lighting (“light design”) 
stands at the interface of two interesting and im-
portant sciences: light science and architecture…” 
[6]). Priority of architectural scientific basis for 
light design is confirmed by definition of “light de-
sign… as its new section… a light designer should 
know the basics of light engineering and architec-
ture. Light engineering studies not only the physical 
laws of optical radiation but also psycho-physio-
logic basics of visual perception of light by human. 
And almost the whole assessment base of architec-
ture as expressive art rests on visual assessments 
impossible without light in its theory and practice. 
Light design hits the “bull’s eye” of the synthesis of 
these scientific disciplines and their practical appli-
cation…” [21].

The era of digital design has supplemented light 
design with new theoretical achievements of com-
puter modelling. This opens prospects of studies 
not only in the sphere of technical aesthetics but in 
the allied sphere of physiology of vision, new ener-
gy-saving technologies, etc. It becomes necessary 
to establish an integrated infrastructure of the the-
oretical base of the discipline, namely “…technical 
committees, conferences, professional communities 
and research facilities which provided the authori-
ties and business with information for making cor-
rect, scientifically and technically grounded deci-
sions…” [10].

Apart from fundamental studies, annual inter-
national scientific and practical conferences “Light 
Design” (2014–2015) have become a part of such 
infrastructure. The topical issues proposed by the 
conferences for discussion include, among others: 
colour theory; light and art; light design and sci-
ence; unlocking interdisciplinary potential of light 
design; consideration of the practice and prospects 
of interaction between scientific, artistic and techni-
cal components of art design.
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The capabilities of the Internet become prospec-
tive for scientific discussions erasing the geograph-
ical boundaries and other barriers. The first interna-
tional light design online conference “Light Ideas 
2016” has gathered the best of Russian and foreign 
specialists on one online site.

The professional discussion of the design and 
theoretical situation in the contemporary light de-
sign sphere published in the Svetotekhnika Journal 
in 2018 has indicated the most acute problems not-
ed by the professional community. And the ques-
tion of the artistic strategy of light design, namely 
its criteria, design principles, level of the dialogue 
with technical and technological parameters etc. ap-
peared to be the theme line of all of the expressed 
positions.

“Light design definitely may become a self-con-
sistent creative specialty… The only problem is that 
the scientific and theoretical basis of this activity 
lags significantly” [1]. The non-stable situation in 
the scientific framework witnessed by confusion of 
basic terminology confirms non-availability of the 
unified system of assessment criteria of light design 
objects not only in objective light engineering terms 
(they already exist) but also in artistic and aesthet-
ic terms. “The light, which is the fourth dimension 
of architecture, is much more complex than just il-
luminance calculated in accordance with rules and 
standards” [2]. The latest studies in the sphere of 
Technical Aesthetics and Design discipline relat-
ed to light design theory are still just at the stage of 
gaining scientific potential. In Russia, there is still 
no specialist who has advanced more in the areas 
of light aesthetics and understanding of psychologi-
cal and physiological effects of light than A.B. Mat-
veev 2 and G.V. Kamenskaya 3. The questions raised 
by these authors still have no answers. Moreover, 
they are accumulating given the “deficiency of the 
up-to-date scientific grounds” [5].

2 Alexander B. Matveev (2.01.1926–22.01.2008) –  Doctor of Technical Sciences, Full Member of the Russian Academy of Elec-
trical Engineering, Professor of the light engineering sub-department of NIU MEI. His work “On Theoretical and Experimental 
Studies of Metrics of Colour and Light Environment in Light Engineering” is still a gold-mine of new ideas and directions of stud-
ies in light engineering.
3 Galina V. Kamenskaya (5.10.1934–9.01.2018) –  Candidate of Technical Sciences. The head of the electric lighting laboratory 
in CNIIEP of Engineering Equipment of Residential and Public Buildings. Developer of lighting equipment in the sphere of theat-
rical illumination with the Experimental Stage Laboratory of the Moscow Academic Art Theatre. The author of the unique instal-
lation for surface modelling of street and architectural illumination and the methodology of design of architectural lighting. The 
results of her experimental studies of street and architectural lighting have been introduced in regulatory documents and instruc-
tions on designing of electric equipment of public buildings and were taken as a basis for standardisation of outdoor architectural 
lighting.

8. TRAINING OF SPECIALISTS

Any profession starts with education. The expe-
rience of Western light design schools accounts for 
several tens of generations of light designers. The 
experience of the Russian educational school, in-
cluding higher school, accounts for just a couple of 
decades of active pursuit. Nevertheless, some meth-
odological experience is already accumulated. First 
of all, a portrait of a specialist solves the issue of 
interactions between art, science and technologies 
with consideration of multi-level nature of light de-
sign. No matter whether the question is forming of 
the language of the profession of light designer or 
the training programme of a future specialist, in any 
case, recognition of their multidisciplinary structure 
is unquestionable. “The combination of elements 
of science and art” [Smirnov, 6], “the dialogue of 
visualisation, implementation of a lighting project 
and a set of mathematical data, quantity character-
istics curves” [2], “integrative” nature where inter-
disciplinary and comprehensive approach combines 
the methods of both logical and intuitive analysis 
[Bystryantseva, 5].

Training of light design specialists became a 
part of scientific discussion in the agendas of the 
First All-Russian Scientific and Practical Confer-
ence Light Design 2014 and the International Sci-
entific and Practical Conference Light Design 2015. 
The participants confirmed the scientific, artistic 
and technical components of educational method-
ology. Special attention was paid to development of 
experimental methods of education. Each school, 
with its own traditions and experience, has demon-
strated its own “shade” and stressed a special edge 
of light culture. They included MArhI (GA), NIU 
MEI, Higher School of Light Design of the ITMO 
University, A.L. von Stieglitz SPbGHPA, IDI SB-
GUTD, SBbGUKiT, etc. Considering the prospect 
of education in MArhI, Professor N.I. Shchepetkov 
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sees “the architectural and artistic training as the 
top priority and light engineering training as al-
lied but still fundamental field based on comput-
er-aided design technologies” [Shchepetkov, 6]. 
The new approach of the light engineering depart-
ment of NIU MEI offers the method of lighting in-
stallations design training by means of computer 
graphics software forming aesthetic background of 
a designer [22]. Thus the educational institutions 
introduce the humanitarian component common to 
architecture and design into the new discipline of 
light design.

The strategy of the Higher School of Light 
Design of the ITMO University (headed by 
N.V. Bystryantseva) is an example of methodolo-
gy of comprehensive professional training of pro-
fessionals aiming at solving of problem-based tasks 
(Problem Based Learning). This implies participa-
tion of different specialists such as marketers, archi-
tects, cultural scientists, artists, designers, urbanists, 
IT specialists, experts in the fields of healthcare, ro-
botics and contemporary engineering in the educa-
tion process [Bystryantseva [5].

The promising trends are introduced in meth-
odology of light design schools which turned out 
to be more adapted for rapid change of priorities 
in the profession. The example of the first Russian 
light design school LiDS led by S. Sizy provides 
experience of a unified universal methodology in 
designing of light and spatial environment based 
on sensory perception, with consideration of re-
cipient’s emotions and mood. This methodology is 
based on S. Sizy’s emotional design theory, which 
practically develops and provides theoretical justi-
fication of N.M. Gusev’s ideas on light formation 
of interior with consideration of our natural asso-
ciations [2].

The school is based on an experimental pro-
gramme with its theoretical basis included in the 
mandatory part of education. The Lighting Psychol-
ogy course experimenting with colour light in hu-
man perception allows us to use this device in proj-
ects. There are also experimental courses including 
allied areas of light design: Light Therapy and Bio-
logical Effect of Light on Human (author: Doctor of 
Medical Sciences K. Danilenko). Some of the proj-
ects are without parallel: the Sketch for Designers 
course, the package of applied software LightCAD 
developed by intiLED [23].

The experience of the LiDS school marked with 
close relations between the educational methodolo-

gy and international trends, reinterpretation of the 
world’s experience of light design learning in the 
USA, England and Germany, introduction of travel-
ling courses in different European cities, is undoubt-
edly a positive example. The new education forms 
adopted by the School such as webinars, duplicat-
ing of workshops in the form of online courses, the 
video library of light design presentations simpli-
fies acquiring of information irrespective of a stu-
dent’s location.

More specific matters of professional educa-
tion methods are considered at the level of different 
workshops not aiming to become a field of serious 
studies. The Artplay centre trains to use light not 
only as a functional tool but also as a tool for con-
trolling of own emotions [24].

The educational matters find solutions within 
the framework of the new (for Russia) format of in-
terdisciplinary platforms. The PROJECT LIGHT 
special project (supervised by E. Lobatskaya) fo-
cuses on the theory and practice of light design. 
Apart from exhibitions, discussions, workshops and 
a periodic publication, it includes educational pro-
grammes. The main target of the platform is assis-
tance in establishment of the Russian light design 
school and professionalization of the light solutions 
market.

As a result, creation of the methodology of pro-
file education includes works in the three main 
directions:

– The theory of light design (according to 
N.V. Bystryantseva [5], not a single textbook had 
been published since 2006);

– Transfer of the educational process to the in-
terdisciplinary basis;

– Development of cooperation between leading 
Russian (and international in the future) higher ed-
ucation institutions in the area of educational pro-
grammes, research and project activities, advanced 
training programmes. A contemporary specialist 
should possess knowledge and skills in “compre-
hensive light design” [20].

Competitiveness of the trained professionals is 
witnessed by their participation in serious interna-
tional scientific and research works such as par-
ticipation of the Higher School of Light Design of 
ITMO University in the Strategic Partnership proj-
ect on an interdisciplinary (combining photonics, 
IT, light design, architecture and environment de-
sign) topic LIGHT FOR HEALTH.
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9. CONCLUSION

The strategy of development of light design as 
a profession in Russia may be defined primarily 
through establishment of the Russian light design 
school as a priority area of activities. Its compo-
nents become both basic principles and distinctive 
features allowing this organism to exist and devel-
op. The school becomes an open system sensitive 
to rapid changes of the profession, with its param-
eters of “creative laboratory” where ideas are gen-
erated as a product of science, art and engineering; 
the integrative nature of light design implies cre-
ation of new grounds for joint development and 
mutual enrichment of technical and artistic poten-
tials laying a foundation for culture of the 21st cen-
tury [8]. The school is ready to unite all innovative 
trends of the developing profession. The unified ba-
sis of the school will promote unification of still 
separated endeavours thus enhancing the results of 
each of them.

Comprehensiveness of the approach and inter-
disciplinary prospects of development of light de-
sign are starting to take shape beyond the frame-
work of aesthetics of architectural environment. 
Development of the profession should take into ac-
count the multi-level nature of light design (scien-
tific, artistic and aesthetic, technological, social-cul-
tural, environmental and other aspects). The new 
format of light design using psychophysical char-
acteristics of colour (colour therapy) is treatment by 
means of energy of colour luminous flux. The emo-
tional aspect of colour therapy is used for solving 
of physiological problems, such as healthy sleep, 
psychological relief, etc. Supposedly, introduction 
of colour therapy as a separate discipline may help 
challenged children and adults [25]. The discoveries 
of light psychology are becoming a property of de-
sign practice with consideration of functions of the 
environment: “…attention may be drawn by means 
of contrast and intensive light; warm light creates 
cosiness in a flat and cold light stimulates activity 
and is more appropriate in an office” [15]. New hy-
brid professional structures capable to become self 
consistent spheres of activity appear on the periph-
ery of the profession. “…We consider that the Light 
Ecology will be developing in the two areas: envi-
ronment affecting human and human as a centre of 
arrangement of environment” [Bystryantseva, 5]. 
Growing of an interdisciplinary structure should be 
stabilised by scientifically justified assessment cri-

teria of the product being created, be it an embodied 
project, service, etc.

As an open system, the school of light design 
becomes a space for free professional discussions. 
The discussions in the formats of conferences, pub-
lications in media, roundtables, etc. will be a guar-
antee of maximum objectiveness in selection of as-
sessment criteria for light designer activities and 
self-identification of the profession: its ideology, 
philosophy and aesthetics, design and educational 
methodology.

For legal establishment of light design [6], con-
crete and real tactical steps are necessary, and es-
tablishment of a light engineering association may 
act as such step. Considered as the area of social ac-
tivity of the light engineering school, this associa-
tion may be a non-profit professional community, 
“the union of Russian light designers” similar to the 
“union of designers” marked with corporate inde-
pendence, helpful cooperation of the leading ven-
tures of the industry, corporate and personal mem-
bership, interaction with state structures [10], with 
mandatory formulation of “the membership crite-
ria” of such organisation [2]. Establishment of such 
association will promote “official registration of 
the profession” leading to the following necessary 
stage, “introduction of the system of assessment of 
specialisation and qualification of practising light 
designers… by the professional community” [Prik-
hodko,5]. This step of professional self-identifica-
tion of a light designer within the framework of the 
school involves formulation of competences which 
still require clarification, also serious elaboration 
of the professional standard will be necessary [21].

With all importance of the above mentioned cri-
teria, light design should remain art. The key feature 
of any practising specialist including light designers 
is creative imagination. Without this key compo-
nent, any technical, economical and business skills 
will not allow us to create an original and attrac-
tive design work, including in the area of light de-
sign. Each talented designer creates an own model 
of the profession and this is the guarantee of unique-
ness and diversity of the appearing design and ar-
tistic solutions according to view of Yu.V. Nazarov 
[5]. According to the founder of the urban light ar-
chitecture Professor N.I. Shchepetkov, modern light 
designers are still “swift learners”, birds “with one 
wing” who came to this profession from architec-
ture, light engineering, allied specialties, the areas 
which still remain priorities in terms of the obtained 
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fundamental education. To correct this situation, the 
future of the Russian light design should be given 
to real professionals.
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ABSTRACT

The article provides a comprehensive analysis 
of outdoor lighting in the central part of Tyumen 
(with consideration of conducted field observations) 
and prospects of its development on the basis of the 
general plan of illumination of the central part of 
the city being under design. Main provisions of this 
general plan as well as methodological principles 
and assessment criteria of design solutions illustrat-
ed by photographs, schemes and visualisations of 
the illuminated objects are described.

Keywords: light-colour arrangement of the ur-
ban environment, light design, general plan of il-
lumination, light “framework” and “fabric” of the 
light arrangement structure of the city

Tyumen is the administrative centre of a large 
region in Western Siberia, one of the cities rich in 
historical and architectural heritage, culture and 
landscape. The ancient centre of Tyumen, the first 
Russian city in Siberia founded in 1586 upon the 
confluence of two rivers Tura and Tyumenka [1], is 
marked with a square (where the Lenin and the Re-
public streets cross) with a monument to founders 
of the city. In 1601, the first Trans-Urals post coach 
station was built in the city, and in 1843, the first 
steamship in Siberia was heaved off. In 1941–1945, 
the sarcophagus with the body of V.I. Lenin was 
kept in Tyumen. Since 1953, it is the oil and gas in-
dustry capital of Siberia. By the end of the 18th cen-

tury, about 3 thousand people resided in Tyumen [2] 
and nowadays the population of this rapidly grow-
ing city numbers 770 thousand people. It was es-
tablished as a trading centre crossed by numerous 
trading routes. Its contemporary development is 
performed both in free peripheral territories and by 
infill development of established low-rise districts, 
often with associated problems of historical and ar-
chitectural heritage preservation.

It is the only capital of a constituent entity of the 
Russian Federation where the governor liquidated 
the position of chief architect of the city, however 
in 2017, Tyumen was the first in the contest of Rus-
sian cities in nomination of the Best Russian City 
for Residence.

There are several universities in the city includ-
ing the Federal Tyumen Industrial University (TIU) 
formed in 2016 by merging the Architecture and 
Construction University (TyumGASU) and Tyu-
men State Oil and Gas University (TGNGU). In 
2012, the Architecture and Design Institute (AR-
HID) was founded, it united two sub-departments of 
TyumGASU: Architecture and Architectural Envi-
ronment Design. As part of its educational, research 
and international activities, it implements a number 
of projects aiming at development of architectural 
environment and preservation of the historical and 
cultural heritage of the city and the region; since 
2003, it also holds the Zolotaya ArkhIdeya Interna-
tional Youth Architectural and Art Festival which 
includes creative contests for children and young 
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people and scientific conferences. The student proj-
ects of ARHID take high prize place in internation-
al architecture and design contests every year. Many 
of its graduates successfully work not only in Tyu-
men but also in other regions of Russia and abroad.

Since 2016, ARHID (being a part of TIU) has 
been developing the strategic concept project “Ar-
chitectural Image of the Region” which aims at 
forming of an innovative, comfortable and invest-
ment-attractive image of the region located in harsh 
Siberian climatic conditions, increase of the role of 
architecture as an integral and distinguished part of 
its history and culture, adaptation of the historical-
ly established environment for contemporary real-
ity with preservation of valuable heritage. One of 
the sections of the project is “Development of the 
Colour and Light Image of the Region and Cen-
tral Part of Tyumen”, and its light design, colouris-
tic and land improvement aspects are being devel-
oped in cooperation with MARHI (SA). The list of 
the studied towns includes also Tobolsk, Salekhard, 
and Yalutorovsk.

As part of the project, comprehensive pre-de-
sign study was performed, priority territories and 
objects were defined, and their hierarchy and prob-
lems were identified. The “tourist” streets where 
visitors start sightseeing were selected in the first 
instance. The roads from the airport, the bus station 
and the railroad station intersect in the central part 
of the city and coincide with its historical develop-
ment structure. They include the Lenin st. (Spass-
kaya before the October Revolution) which cross-
es a number of public areas and links Yamskaya 
st. (leading to the Roshchino International Airport) 
with Pervomayskaya st. (leading to the Privokzal-
naya square). The street (with length of 2.5 km and 
remaining sites of architectural, historical and cul-
tural heritage) is the main ensemble of the city. Pre-

viously there were the temples of four religious de-
nominations in it, namely the Archangel Michael 
and Spasskaya churches, the St. Josef Roman Cath-
olic temple, Muslim mosque and a synagogue, some 
of them are lost.

The main goal of the Light Design section of the 
project is “development of the concept and meth-
odology of light and colour arrangement of the ur-
ban environment with consideration of regional dis-
tinctions and with efficient use of energy-saving 
technologies with comprehensive solving of design 
problems of outdoor illumination and architectural 
colouristic.”

In 2017, with participation of educators and stu-
dents of TIU, visual and instrumental field obser-
vations with photographing of daytime and night-
time situations and measurement of existing light 
engineering parameters of illumination were per-
formed in pedestrian areas of the central part of 
Tyumen (Fig. 1) and on facades of architectural ob-
jects located in guest streets, squares and parks of 
the historical centre. The obtained picture was rath-
er variegated and contrast: the measured levels of 
horizontal illuminance Eh and non-uniformity of its 
distribution over surfaces of pavements, lanes and 
alleys were lower than the standard values in some 
areas (twice as little) or, less frequently, exceeded 
them (fivefold), just as the values of luminance of 
illuminated facades of selected buildings and struc-
tures did (Fig. 2).

On the basis of the observations, the analysis of 
the state of light environment in the centre of Tyu-
men and the quality of architectural illumination of 
outstanding objects was performed, and common 
disadvantages of the existing light environment 
were found: in particular, non-uniform, insufficient 
or excessive illumination distorting facade plastics, 
dazzling pedestrians, etc. [3] At the same time, the 

Fig. 1. Scheme of compliance of the illuminance level of the Lenin st. with norms of SP 52.13330.2016 based on the 
report of instrumental observation of priority objects of urban environment (August 2017)
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domination of yellow light of high-pressure sodi-
um lamps (HPSL) traditional for many cities (not 
only Russian ones) still remains in outdoor lighting 
including pedestrian areas. Lighting devices (LD) 
with discharge and LED sources of white light are 
still of low proportion (which is rising year by year 
but without visible system of sequence and prior-
ity). Outdoor lighting installations (LI) are mostly 
characterised by archaic aerial power lines, primi-
tive design (with some exceptions) of light post lu-
minaires including retro luminaires with inefficient 
LDC.

There are hundreds of buildings and structures 
equipped with facade architectural lighting (AL) 
installations and electrical advertising of different 
quality in the city ranging from classic Soviet mon-
umental palaces of the Government of Tyumen re-
gion (Fig. 3, a) and Regional Duma (Fig. 3, b) with 
“modest” and not tectonic enough local and spotty 
lighting to small private objects equipped with rope 
light. In short, virtually the whole range of light en-
gineering methods and light-and-composition tech-
niques is used which is not always appropriate for 
historical buildings in terms of art (Fig. 4, a and b) 
but creates rather decorative “pointillistic” effect 
on modern glass facades (Fig. 4, c) or symbolic co-
loured image of buildings (Fig. 4, d).

Singleness and variety of urban AL objects 
which are in a varying degree typical for all Rus-

sian cities and towns including Moscow do not al-
low us to say that there are harmonious urban light 
ensembles formed in Tyumen which are of signif-
icance for the city and the region. For example: 
colour and dynamic lighting of the pedestrian ca-

Fig. 3. Architectural lighting of the main facade of the 
building of the Tyumen region government at Lenin square 

(a) and the building of Tyumen regional Duma (b)

Fig. 2. Night-time photographs of the illuminated objects with facade luminance distribution presented in pseudo-colours: 
a –  dynamic illumination of the pedestrian cable Bridge of Lovers across the river Tura at the intersection of Lenin st. 

and Republic st.; b –  main facade of the Central Sports Complex
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ble bridge across the Tura river is well-perceived 
at a distance but not nearby where the glare effect 
caused by non-accurate installation and aiming of 
LD are obvious; varying chromaticity of the facade 
lighting of TyumGASU (building of TIU (Tyumen 
Industrial University) –  ex-Kolokolnikov college) 
does not fully comply with the status of neoclassi-
cal building of early 20th century (Fig. 5). Howev-
er, existing AL of a number of objects deserves ap-
preciation, for instance: traditionally floodlighting 
white AL of Krestovozdvizhenskaya and Spasska-
ya churches (Fig. 6); combined light AL of the Dra-
ma Theatre (Fig. 7, a) and colour lighting of Orion 
shopping centre (Fig. 7, b). However, unfortunate-
ly, the main historical and architectural dominants 
of the central part of the city, the Svyato-Troitsky 
monastery and Voznesensko-Georgievskaya church, 
are still not illuminated.

The functioning mode of LI of some of the 
above listed objects is unpredictable (sometimes 
they work, sometimes not), adjustment number of 
operating LDs, and chromaticity of LSs in a united 
group of LDs are unbalanced. These are defects of 
work of operation services which to a certain extent 
are peculiar not only to the Russian practice of ur-
ban light design.

On the basis of the materials of field observa-
tions and contemporary light design ideas and meth-

odology, the concept of the general plan of illu-
mination of the central part of Tyumen is being 
developed 1; it can serve as a strategic systematising 
and regulating document for the existing and pro-
spective reconstruction of the outdoor illumination 
of the city as part of the general land improvement 
works. It solves three groups of interrelated and the 
most significant urban light problems: light-plan-
ning, light-spatial and visual-artistic ones [4]. The 
light-planning problems of light-and-colour zon-
ing of the territory are based on the classification of 
the general plan elements (per A.E. Gutnov) as “ur-
banised” areas (transport and pedestrian streets and 
squares), “natural” areas (woodlands and water-
courses), “structure” and inter-route “fabric” (resi-
dential areas). Creation of differences in levels and 
chromaticity of illumination of “structure” and “fab-
ric” elements visible during night time with consid-
eration of their town-planning hierarchy is the main 
tool for solving of this problem, mostly by means 
of utility outdoor illumination with different scale 
and design in transport and pedestrian areas provid-
ing the required level and quality of lighting. And 
while the quantitative characteristics (luminance 

1 The authoring team included N.I. Shchepetkov, 
S.B. Kapeleva, A.I. Klimenko, V.D. Bugaev, G.S. Matovnikov, 
A.S. Kostareva, O.A. Gorkova.

Fig. 4. House of G.T. Molodykh (a) and House of M.A. Bryukhanov (b) are the examples of stone buildings of the second 
half of the 19th century –  early 20th century with commercial premises on the first floor (Pervomayskaya st.) illuminated 
by advertising lighting alien to the nature of historical architecture; Tyumen Infection Pathology Research Institute (c); 

Sberbank building in green light (d)
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and illuminance of road surface, semi-cylindrical il-
luminance in some pedestrian areas) and their dis-
tribution are regulated by standards, selection of 
chromaticity of illumination in different areas is an 
issue of concern due to introduction of LED-based 
LDs and expected end of operation of HPSL in the 
city, which, to some extent, leads to loss of one of 
the tools of light-and-colour zoning of urban space. 
The concept specifies stage-by-stage replacement of 
yellow light of HPSL-based LDs in outdoor illumi-

nation with white light of LED-based LDs with dif-
ferent Tcp in different areas (white light is used pri-
marily in central “guest” streets and squares).

For solving of the problem of light and spatial 
arrangement of the urban environment, all three 
groups of LIs are forecast: utility, architectural and 
informational lighting. Special attention is paid to 
lighting of pedestrian areas [5]. Due to lighting of 
the ground and facades of objects forming it, the 
light environment of the city obtains three-dimen-

Fig. 5. Dynamic colour lighting of the Bridge of Lovers (a) and the historical building of TyumGASU TIU (b)

Fig. 6. Floodlight il-
lumination of archi-
tectural monuments 
of the 18th century: 
Krestovozdvizhenskaya 
(a) and Spasskaya (b) 
churches
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sionality. Its optical structure is an intermittent and 
continuous system of areas with different scale, des-
ignation and hierarchic level modulated by light, 
with specific rhythm, discrete and heterogenic light 
engineering parameters in which, in turn, the hier-
archic system of light ensembles and dominants, 
which dominates in the light composition of the city 
and is very important for it, should be distinctive. 
Light modulation is performed on the basis of con-
ceptual light-and-colour zoning by selecting corre-
sponding means and modes of illumination of the 
ground surface and objects forming the light en-
vironment in specific situational spaces and light 
architectural ensembles which are radically dif-
ferent from daytime ensembles in terms of visual 
characteristics.

Evening perception of the light ensembles and 
dominants is calculated at far, medium and close 
distances, for this purposes the concept specifies 
the tourist view points of light panoramas and deep 
light perspective views, though basically flat and 
low-rise Tyumen development does not give many 
reasons for it so far.

The conceptual visual and artistic problem con-
sists of visible finding and creative interpretation 
of expressive features and distinctions of the archi-
tectural shape of objects and ensembles, creation of 
their original light images using the principles of as-

sociative resemblance to daytime images or creation 
of an alternative “counter-image” [4].

As the field observations showed, the best exam-
ples of AL of the objects in the centre of Tyumen, 
including that of architectural monuments, follow 
the former principles while a lot of the others are 
variably compromise and controversial.

So, in the general plan of illumination of central 
Tyumen, the “urbanised” and “natural” light struc-
tures (Fig. 8, a) and the residential areas forming the 
development “fabric” of the city may be identified. 
The hierarchy of the light ensembles of the city and 
night-time dominants with consideration of already 
established situation and prospects of development 
of centre is forecast (Fig. 8, b).

Inevitable modernisation of LIs of the “urban-
ised structure”, i.e. the transport and pedestrian 
streets and squares, is already begun by replacing 
discharge lamps LDs with LED-based LDs. So the 
design of LI elements and chromaticity of outdoor 
illumination are changed, aerial power lines are re-
placed with modern underground cable lines (un-
fortunately, not everywhere), etc. According to the 
concept, it is necessary to solve the problems of 
light-and-colour zoning of urban areas (primarily 
transport and pedestrian zoning) clearer using the 
available means: different levels, chromaticity, tech-
niques and modes of illumination operation, design 

Fig. 7. “Classic” 
illumination of the 
Tyumen Drama Theatre 
(a) and modern colour 
illumination of the 
Orion shopping centre 
(b)
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and scale of LIs. These parameters are presented in 
the legend and explanatory note to the general plan 
of illumination.

Similar measures are specified for the “natu-
ral structures” and the residential “fabric” of the 
city. When looking at the general plan of illumina-
tion, it becomes clear that there is obvious deficien-
cy of woodlands as the main elements of the “nat-
ural” structure in the central part of Tyumen: only 
the Tura river with the improved embankment on a 
high right bank forms its reliable “trunk” which re-
quires a developing natural “canopy” in the residen-
tial “fabric”.

By morphology, the elements of “fabric” in the 
central part of the city are categorised as follows: 
the quarters with dominating contemporary high-
rise buildings and predominantly low-rise develop-
ment with consideration of its historical value. It is 
crucially important to select and provide such light-
and-colour parameters and design of LIs in all in-
ternal areas so that the created environment is inti-
mate, human-scaled, visually comfortable and safe, 
and provides positive emotions.

The French call this quality “ambiance”, i.e. 
pleasant atmosphere, or, as a synonym, “favour-
able psychological climate”, which is extremely 

Fig. 8. General Plan of illumination of the central part of Tyumen:
a is the the urbanised and natural “light structures”; b is the “light fabric” and the system of lighting dominants
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important in residential areas during long autumn 
and winter evenings in Siberian climate. The im-
portant social task of yard spaces and recreational 
environment, and, in the first place, of outdoor il-
lumination is to make residents (children with par-
ents, grand-fathers and grand-mothers) to go out 
to communicate and have some rest after a work-
ing day. To solve these tasks, not only the utility 
lighting installations dominating in urban illumi-
nation (in terms of the number of lighting points, 
power consumption, etc.) should be used but also 
other groups of architectural and informational 
lighting.

Unlike the city streets and squares where con-
ceptual recommendations may be followed not from 
scratch but mostly by stage-by-stage reconstruction 
of existing LIs, improvement and lighting of resi-
dential areas which in many cases does not comply 
with contemporary standards requires taking dras-
tic measures. That is why the authorial team of TIU 
with participation of educators, architects, and stu-
dents alongside with general conceptual design per-
forms more detailed and attentive sketch designing 
of comprehensive landscaping, including lighting 
and colouristic, of the fragments of urban environ-
ment in the centre of the city at the streets Lenin, 
Republic, and etc.

The visual characteristics of the fragments of 
light environment and light ensembles provided 

by different techniques and means of architectural 
lighting of facades of buildings, structures and ur-
ban landscape objects are forecast in sketch com-
puter visualisations of development and perspective 
views in pedestrian perception scale (Fig. 9).

A specific light design problem is AL of one- 
and two-floor historical buildings, frequently wood-
en and with original decoration, where use of local 
illumination by means of LDs mounted on facades 
seems to be not appropriate enough. It means that 
original solutions of LDs should be found at the fol-
lowing stages. Different styles and heights of devel-
opment in many streets with existing spatial “gaps” 
also complicate the use of “classic” light-ensemble 
techniques, which becomes evident during devel-
opment of lighting “tapes” at both sides of streets. 
That is why the ideas of comprehensive reconstruc-
tion of the architectural environment with exten-
sive use of small forms, including original lighting 
forms, and increasing volume of deficient landscap-
ing to fill these “gaps”, seem prospective and are 
supported by the authorities in Tyumen.
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ABSTRACT

The article describes modernisation of the light-
ing systems of Segal Casting and Extrusion Plant 
LLC in Krasnoyarsk and technical solutions of its 
implementation. The parameters of the new light-
ing system based on Diora Craft LED luminaires 
are presented and it is shown that replacement of 
luminaires based on high pressure mercury lamps 
(HPML) with LED luminaires allows saving 73.5 % 
of power consumed by lighting with high quality 
of the light environment established in the shops of 
the plant. Payback period of such modernisation is 
1 year.

Keywords: light emitting diode (LED), lighting 
devices (LD), industrial lighting, lighting systems, 
lighting installation, LED luminaires, modernisa-
tion of lighting systems, energy saving

1. INTRODUCTION

Numerous studies have found significant impact 
of artificial lighting of industrial facilities on visu-
al performance, physical and mental states of work-
ers and, subsequently, labour efficiency, quality of 
products and work place injuries. Correct lighting 
of work places is the key factor of safeguarding and 
health protection of workers [1].

The informational field regarding developments 
and innovations in the area of industrial lighting has 
reduced dramatically over the previous 30 years; 
publications in scientific and technical journals are 
nearly non-existent and are replaced by news web-

sites. The requirements to installation and operation 
of lighting installations (LI) for different production 
facilities are specified in federal regulatory docu-
ments [2–4], unfortunately, the applicable industry 
regulatory documents are compiled back in the So-
viet period (1970–1990). After Perestroika, the in-
dustry regulatory documents virtually were not de-
veloped; therefore the obsolete regulations do not 
reflect the current level of development of technical 
means and technologies of lighting.

At the current stage of development of artificial 
lighting, due to well-known reasons, LED lighting 
holds the leading position (the main reasons include 
energy saving requirements in lighting [5] and in-
ternational treaties aiming at solving of global envi-
ronmental problems [6–8]).

With consideration of the above-mentioned cir-
cumstances, lighting of industrial facilities, being 
the most energy-consuming, must be transferred to 
application of LEDs on a first-priority basis.

This article describes the results of modernisa-
tion of lighting systems of Segal casting and extru-
sion plant (CEP) in Krasnoyarsk which included 
replacement of HPML-based luminaires with LED-
based luminaires for increase of both quality of the 
light environment in shops and energy efficiency 
of LIs. The related programme of modernisation of 
lighting systems comprises three main stages: the 
first one (2015) –  design of modernisation; the sec-
ond one (2016) –  implementation of the moderni-
sation project (the said replacement of luminaires); 
the third and final one (2018–2019) –  painting of 
vertical structures, ceiling and metal structures of 
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floors white (as an indirect method of increase of 
quality of light environment). At all stages of mod-
ernisation, the characteristics of LIs were measured, 
and the results of these measurements are present-
ed in Table 1.

Segal Casting and Extrusion Plant LLC (a branch 
of GC SIAL) produces aluminium cast alloys, ex-
truded aluminium profiles and products made of 
the same. The annual capacity of the plant is 32,000 
tons and current volume of output is 26,000 tons per 
annum.

The structure of the facility includes cast, extru-
sion and painting workshops, anodic treatment sec-
tion, production of suspended facades, formworks 
and products of aluminium profiles, analytical labo-
ratory and packaging section.

Aluminium profiles are manufactured by means 
of automated extrusion systems based on presses 
with workload of 2,750; 2,500; 2,100; 1,200; 2,750 
and 1,460 tf (1tf = 9.807 kN). For painting of alu-
minium alloy products, the facility employs Trevis-
an (Italy) and TNE (Singapore) vertical automatic 
painting sections and a NEWLAC (Spain) horizontal 
automatic powder painting section.

2. MODERNISATION OF LIGHTING 
SYSTEMS OF CEP WORKSHOPS

The aspects of industrial facilities lighting are 
defined by the sphere of production activities, light-
ing standards, category and characteristics of visu-
al performance, nature and distinctions of process 
equipment, natural lighting conditions and work-
place assessment requirements. It is implied that 
the workplaces are illuminated with standardised 
natural lighting and quality artificial lighting com-
pliant with labour safeguarding and health protec-
tion requirements. An optimal LI solution complies 
in a compromising way with requirements of visu-
al comfort ability and high energy efficiency which 
may be assessed by standard values of maximum 
acceptable specific installed capacity (SIC) of the 
system of production premises artificial lighting.

LDs for lighting of industrial facilities are select-
ed with consideration of light-engineering and eco-
nomic parameters of LDs including light distribu-
tion and luminous efficacy. Optimal selection of LD 
based on light distribution (with light distribution 
curve (LDC) and LD allocation scheme optimal for 
the given mounting height) allows power consump-
tion for lighting to reduce by (30–35) %. For pro-

duction premises with higher mounting height of 
LD (exceeding 6 m), LED-based narrow angle lu-
minaires are efficient with their uniform allocation 
over the area of the production section. Necessity of 
use of LDs with concentrated light distribution in-
creases with increase of ceiling height.

In workshops of cast plants, general lighting sys-
tems are primarily applied. The norms and quali-
ty indicators of lighting of cast plants production 
sections with visual performance category of Vb 
are well-known [2, 4]. As the production sections 
of case workshops are usually located in buildings 
with high ceilings (more than 8 m), general lighting 
LIs are equipped with LDs of high single capacity. 
In terms of the state of air environment, the prem-
ises of cast workshops are usually categorised as 
“dusty”, which determines the recommendations to 
use partially or fully dust-protected LDs (with pro-
tection class of at least IP53). But it is worth not-
ing that contemporary mechanised and automated 
technologies promote enhancement of production 
practices and improvement of sanitary and hygien-
ic conditions of workshops, which, in fact, makes 
conventional classification of air environment of 
modern industrial production facilities as “dusty” 
not necessary. Such situation fully relates to high-
ly-automated workshops of CEP with their ceilings 
and walls being painted white at the final stage of 
modernisation. By content of dust, smoke and soot 
in the air environment, the production premises of 
Segal CEP are categorised as 1c [2, Table 4.3]. Ac-
cording to the calculations, painting of vertical sur-
faces, ceiling, and metal structures white increases 
average illuminance by (25–30)%, which has de-
fined painting of enclosing structures of the work-
shop at the final stage of modernisation of the plant 
LIs. The efficiency of the effect of painting of the 
enclosing surfaces is demonstrated by increase of 
illuminance by 30 % in the workshop with the 2500 
tf press (building No.2), from 267 lx to 348 lx, after 
painting the walls and the ceiling white (Table 1). 
This fact confirms efficiency of comprehensive ap-
proach by which high quality of the light environ-
ment is formed not only by correctly selected LDs 
but also by the state of the surrounding area.

Modernisation of LIs of the workshops of Se-
gal CEP should serve as an example of progressive 
approach to modernisation of lighting of an indus-
trial facility with its design comprehensively solv-
ing the issues of increase of energy efficiency, in-
tegrity of light environment in different operation 
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modes of process equipment (in particular, block-
ing by gantry cranes), optimisation of the operation 
conditions of lighting equipment, convenience of 
installation and maintenance of LDs, comfort-abili-
ty of light environment. Modernisation was related 
to general lighting of workshops as part of the com-
bined lighting system. Almost all production lines 
are automated; local workplaces are defined by lo-
cation of equipment and are most frequently locat-
ed in the beginning of a bay. Most commonly, these 
are the workplaces of production process operators 
made in the form of transparent unit of transparent 
protective glass.

Local lighting at workplaces is part of process 
equipment and is based on fluorescent lamps (FL) 
with T5 bulb, which is specified by manufacturer of 
this equipment. Average illuminance at workplaces 
in the system of combined lighting is about 500 lx 
with the level of general lighting exceeding 200 lx 
[2]. The other part of the workshop is represented 
by automated lines providing general monitoring of 
the course of production process. Hereinafter the re-
sults of modernisation of the general internal light-
ing of Segal CEP will be described.

The Diora Craft industrial luminaires were spec-
ified by the modernisation project. General view of 
one of them is presented in Fig. 1 a, b. Light dis-
tribution of these narrow angle luminaires corre-
sponds with Deep LDC (Fig. 1 c). Luminous effica-
cy (at least 120 lm/W), directed luminous flux (deep 
LDC with large mounting height) and rational allo-
cation of luminaires in the premises provided high 
energy efficiency of LIs with maximum value of 
SIC of LIs of the plant workshops and sections not 
exceeding 3W/m2 at average illuminance exceed-
ing 200 lx (average value of SIC is 1.25 W/m2 at 
100 lx). Capacity of LED-based luminaires select-
ed by calculation provides standardised illuminance 
(Table 1). According to the customer’s design spec-
ification, the category of visual performance in the 

Fig. 2. Lighting of CEP workshops after modernisation 
of LIs:

a and b –  building No. 4, bay No. 5, automatic packaging 
line of painted profiles; c –  building No. 2, workshop  

(2500 tf press)

Fig. 1. Diora Craft 
110/13000 luminaire 
(capacity of 110 W, lu-
minous flux of 13,000 
lm, Tcp=5000K, IP65): 
a and b –  general 
view of the luminaire; 
c –  LDC
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modernised workshop is Vb and the standard val-
ue of illuminance is 200 lx [2]. All local workplac-
es with higher category of visual performance are 
equipped with local lighting.

For minimisation of costs of modernisation of 
the plant LIs according to the customer’s design 
specification, Diora Craft luminaires (analogues of 
RSP-400, GSP-250, ZhSP-250 luminaires) are in-
stalled at existing light positions instead of obso-
lete luminaires with HPML 400 lamps (RSP-400). 
In each workshop, there are two components of LIs: 
stationary, with luminaires installed on floor frame 
work (Fig. 2, a), and mobile, with luminaires in-
stalled on the cross beam of gantry crane (Fig. 2, 
b). In the course of the production process, the mo-
bile cranes are active in the workshops and their 
movement may cause blocking of stationary lumi-
naires, impair stability of light environment and 
create discomfort for workers. To eliminate this un-
necessary effect, the luminaires are installed on the 
crane beam and act as stationary ones at moments of 
blocking by the crane. Under-crane lighting is high-
er than general lighting by 15 %, which accentuates 
monitoring of crane work and increases safety of 
the works. Therefore, comfortable stability of work-
place lighting during operation of mobile cranes is 
maintained in the workshop.

The progressive design and technical solution of 
LIs is supported by audacious design of the lumi-
naires with their bell-shaped body of anodised al-
uminium serving as a reflector (integrated reflec-
tance of 85 %) and a radiator at the same time. The 
protecting diffusing glass is made of optical poly-
carbonate and fixed to the body of the luminaire 
by means of an elastic silicone rim acting as a seal-
ing. Integrated transmittance of the diffuser materi-
al is 0.91.

Despite the low thickness of metal, original al-
location of LED-modules on the inner surface of 
the body (Fig. 1) provides optimal heating mode 
for LED (temperature of the LED module does 
not exceed 80 °C) within the whole range of ca-
pacity of the Diora Craft luminaires line, from 
55 W to 150 W, at operating temperatures vary-
ing from –60 °C to +60 °C. Operation of the body 
as a radiator makes an additional radiator which is 
usually massive and cast unnecessary. That is why 
the weight of a luminaire does not exceed 3.2 kg, 
which is significantly less than that of Russian an-
alogues and provides significant advantages during 
height works and maintenance of LIs. Smooth bell-

shaped body of the luminaires made using cold roll 
forming technology makes it free of ribs and an-
gles (Fig. 1, a) on the outer surface, which virtual-
ly excepts accumulation of dust and other dirt on 
this surface and thus provides stability of LED heat-
ing mode, increases reliability and durability of lu-
minaires and facilitates their cleaning. Allocation 
of LED modules in the upper part of the reflector 
provides the luminaires with additional useful fea-
tures: high protective angle eliminating dazzling ef-
fect with mounting height of (6–15) m. The lumi-
naires have high ingress protection rating (IP65), 
may be operated in areas with different air environ-
ment conditions, are categorised as the 4th operation 
group [2], comply with the requirements of [9], and 
their Tcp = 5000K.

The LED modules are of petal shape and are al-
located in the upper part of the body (Fig. 1, b); 
they are equipped with LM561C LEDs by Samsung 
with maximum single capacity of 0.6 W. The num-
ber of LEDs on a module board depends on capac-
ity of a luminaire: 250 pcs. at 110 W and 420 pcs. 
at 130 W. LEDs are operated at lowered capacity in 
the luminaires, which, as it is known [10], increases 
their luminous efficacy. At the same time, in a Diora 
Craft 130 (130W) luminaire, single power of LED 
is 0.285 W (47 % of the maximum value) and in Di-
ora Craft 110 (110 W), it is 0.405 W (67 % of the 
maximum value).

As a result, power allowance of 50 % and 30 % 
respectively provided luminous efficacy of the lu-
minaires of at least 120 lm/W, increased their reli-
ability and durability (due to facilitation of heating 
mode as compared to the maximum capacity mode 
of LED) and allowed the structure designing of lu-
minaires using thin-wall body metal as a cooling ra-
diator for the LED module.

It is obvious that reduction of single capacity 
of LED in LED modules increases their number 
to achieve optimal value of luminous flux, which 
principally makes the luminaires more expensive. 
A compromise in selection of single operating ca-
pacity and number of LEDs was defined by optimal 
quality-price ratio. The principle of design of a lu-
minaire allowed to achieve high consumer charac-
teristics and to set warranty period of 5 years with 
competitive price. In Diora Craft 110 and Diora 
Craft 130 luminaires, PS130–700 power supply 
unit was used with minimum efficiency of 92 % at 
operating current of 700 mA and maximum power 
of 130 W.
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At the first stage of the plant LI modernisation, 
in 2016 (the first tenders were conducted in 2015), 
632 Diora Craft 110/13000 and 33 Diora Craft 
130/17000 luminaires were installed. As a result, 
even given the achieved enhancement of light-en-
gineering parameters (Table 1), the power of LIs 
was lowered by 73.5 %, from 279.3 kW (before the 
modernisation) down to 73.8 kW (after the mod-
ernisation). With tariff equal to 4 roubles per kWh, 
annual saving of electric power costs was equal to 
7.2 million roubles. Due to significant saving of en-
ergy for lighting, the investments in modernisation 
of the plant LI (with the cost of equipment procure-
ment of 6.82 million roubles) were returned after a 
year of operation.

The programme of comprehensive modernisation 
of lighting of Segal CEP specifies stage-by-stage in-
stallation of LED luminaires in all workshops and 
painting the walls, ceiling and load-bearing metal 
structures white at the final stage of modernisation.

For all workshops of the first phase of moderni-
sation, light engineering calculations and model-
ling were performed using DIALux 4.13 software. 
Fig, 3 provides an example of calculations for pro-
duction areas of building No.4. Building dimen-
sions: area –  17,288 (180×96) m2; mounting height 
of luminaires –  12 m; ceiling height –  14 m; spac-
ing between rows of luminaires –  6 m; spacing be-
tween luminaires in a row –  (6–8) m depending on 
the structure of floor slab in different bays. The op-
eration ratio for Diora Craft luminaires categorised 
as the 4th operation group was taken equal to 0.71 
[2, table 4.3 with consideration of note 4]. The val-
ues of reflectance of the ceilings, walls and floors 
taken for calculations are 0.70 (whitewash), 0.50 

(grey plaster) and 0.20 (concrete). In Table 2, cal-
culated values of illuminance are presented with 
consideration of the selected operation ratio of the 
luminaires.

Table 1 contains the results of implementation of 
the design solutions for production areas of the first 
phase (2016) of modernisation of the plant LIs and 
the results of measurements of illuminance conduct-
ed after the two years of operation of LIs (2018). 
Actual levels of illuminance are higher than the cal-
culated values, which witnesses correctness of se-
lection of the values of luminaire operation ratio 
and values of reflectance of the walls, ceilings and 
floors. Before the manuscript of this article was sent 
to the journal, as part of monitoring of LIs at sec-
tion of thermal processing in building No. 4, ad-
ditional measurements were conducted; they re-
vealed reduction of illuminance over the third year 
of operation (July 2018 –  August 2019) within the 
range of 3 %. (The operation mode of the plant is 
continuous.)

Fig. 2 shows the general view of the production 
areas in buildings numbers 2, 3B, 4 and the scheme 
of allocation of the luminaires after modernisation 
of LIs of Segal CEP. The LIs are distinctive with 
uniform allocation of the luminaires in rows paral-
lel to the walls. The illuminated space of the work-
shop is saturated with light and is a comfortable 
light environment (Table 1) for performance of pro-
file works.

Currently, Segal CEP is continuing the moderni-
sation of lighting by stage-by-stage replacement 
of HPML-based luminaires with LED-based lumi-
naires (Diora Craft series) and painting the vertical 
surfaces, ceiling and metal structures white.

Fig. 3. Design frag-
ments of the project of 
lighting of production 
areas of building No. 4. 
Design distribution of 
illuminance in iso-illu-
minance curves (a) and 
fictitious colours (b)
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CONCLUSION

Introduction of LED-based luminaires in general 
industrial lighting installation is of great potential in 
terms of energy saving and quality of light environ-
ment in facilities. The example of comprehensive 
modernisation of CEP in Krasnoyarsk demonstrates 
such opportunities: the power of LIs was lowered 
by 73.5 %, from 279.3 kW (before the moderni-
sation) down to 73.8 kW (after the modernisation) 
with high quality of light environment (Table 1). 
With annual reduction of energy costs by 7.2 mil-
lion roubles, due to significant saving of energy for 
lighting, the investments in modernisation of the 
plant LI were returned after a year of operation.

The authors would like to express gratitude to 
Julian B. Aizenberg for his valuable notes and rec-
ommendations provided in the course of writing of 
this article.
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EDITORIAL NOTE

Publishing this article by G.M. Belan and 
A.T. Ovcharov, it cannot go unmentioned that 
it reviews the results of modernisation of light-
ing of an industrial facility for the first time in 
more than a decade.

Alongside this, publication of this article 
poses a very important question of further de-
sign of LIs not only for production buildings 
but also for public buildings: whether it is nec-
essary to aim at maximum reduction of specif-
ic installed capacity (SIC) at minimal values of 
standardised illuminance as the main problem 
of design using high difference in values of lu-
minous flux of the new and old LDs, or to aim 
at comfortable light environment conditions 
with mandatory (but not maximum) reduction 
of SIC by (3–4) times. With this, it is necessary 
to increase the values of illuminance (exceeding 
the current standard hygienic values) and com-

fort-ability of chromaticity of light environment 
in the course of design. In this case, it is neces-
sary to select LEDs with the values of correlat-
ed colour temperature necessary in every par-
ticular case simultaneously reducing operation 
costs and increasing reliability of LI operation 
by correct selection of LD operation ratios. The 
new approaches to formation of light environ-
ment will obviously require advancement of hy-
gienic standards of lighting.

Considering the above-mentioned question 
very important, the editorial board invites all 
specialists to discuss this problem with par-
ticipation of the authors of this article and its 
reviewers as well as specialists of ROSKOM-
NADZOR, hygienic organisations and standard-
isation bodies.

Julian B. Aizenberg
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ABSTRACT

The work presents a statistical summary of the 
results obtained in the photometric, thermal, chem-
ical and mechanical tests carried out in the Labora-
torio de Acústica y Luminotecnia (LAL) for street 
lighting luminaires with LED technology in the pe-
riod 2017/18. The study covers 152 luminaires and 
includes samples from different manufacturers or 
origin, same type or model (for example, a same 
body) with different alternatives of LED plates. 
The results of luminance and illuminance evalua-
tions carried out in converted facilities (or in the 
test stage) are also discussed. The results present-
ed are important both for importers and manufac-
turers of LED luminaires and for designers and in-
stallers, since they allow visualizing the points that 
deserve attention in order to achieve a product of 
suitable quality.

Keywords: LED, energy efficacy, street lighting

1. INTRODUCTION

The new PLAE (Plan for efficient lighting), from 
the Ministry of Energy and Mining under the Nation 
Presidency, proposes the luminary replacement for 
more efficient devices with LED technology. It con-
sists of a state funding for conversion to LED tech-
nology, with the main objective of reducing con-
sumption in street lighting. The PLAE sets technical 
specifications [1], which define the minimal re-
quirements, must meet up by devices have to be in-
stalled. These technical specifications resulted from 

discussions with different experts involved in this 
sector: Lighting Argentinean Association (Asocia-
ción Argentina de Luminotecnia –  AADL), Depu-
ty Office of Public Services of Buenos Aires Prov-
ince, national and provincial laboratories, etc., and 
they were based on the current national standards, 
such as IRAM AADL J 2021, J2022, J2028, J2020 
[2, 3, 4, 5].

In this framework, LAL–CIC, as one of the ac-
credited laboratories for carrying out technical tests, 
studied an important deal of national and imported 
samples. In its specifications, PLAE added special 
tests of duration, thermal stress and cycling to the 
traditional photometrical, mechanical, thermal and 
spectral tests, based on IRAM AADL standards. 
The results obtained have been dissimilar, verifying 
that the local standards are not comparable to oth-
er markets.

2. TESTS REQUESTED IN THE PLAE 
FRAMEWORK

The required tests are listed in the Technical 
Specifications of the plan [1]. They involve a set of 
tests taken mostly from Standard IRAM AADL J 
2021 [2], which are shown in Table 1.

In addition, it is compulsory to verify the cover 
impact strength, according to Standard IEC62262–
2002[6]: IK=8 or higher for glasses and IK=10 or 
higher for polymers.

As it is observed in Table I, the required tests can 
be considered as the typical ones that are applied in 
our country. In this sense, it is worth mentioning 
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that they are mainly based on [2], whose first ver-
sion is from 1974. The novel nature of PLAE is the 
flux maintenance test, which tries to evaluate the 
expected duration for LED luminary and whose de-
tails are further commented.

3. GENERAL FEATURES OF THE MAIN 
TESTS

3.1. Photometry and Colour

Photometry is the test with a strong tradition in 
Argentina. Based on the IRAM standard [3], stan-
dardization dates back to the mid-70s. LED lumi-
naires introduced two changes in the norm (2013): 
the use of absolute values for intensities and effica-
cies, and the spectra radiometric measurements for 
colour parameters, for example. Figs. 1 and 2 show 
the LAL equipment and characteristic results of this 
test.

3.2. Paint Quality Tests

The salt spray test refers to IRAM 121 [7] from 
1957. The test is based on an old version of ASTM 
117 [8] and consists of putting the complete sam-
ple to a salt environment in order to verify the level 
of mechanical protection given by protecting coat-
ings (paints). The requirement is regulated by the 
length of the test, 240 h is the minimal time indi-
cated by IRAM for paints, though it can be extend-
ed to 500 h or 1000 h in special situations and/or by 
agreement between suppliers and buyers, (the typ-
ical case is the installation in sea coast zones). The 
result is assessed by inspection in frame of our stan-
dard, which not allowing coating blisters or lifting, 
and by no means, oxidation or cracking of base ma-
terial, either.  Fig. 3 shows LAL equipment and ex-
amples of studied samples.

In connection to this test, it then follows the re-
sistance test to the gear of threaded pieces, which 

Table1. PLAE Tests

Requirement and Test Description

IRAM AADL J 2022–1 Photometry

4.1–3 and 5.1–3 Salt spray for complete luminaire (240 h)

4.4 and 5.4 Gear winding resistance

4.6 and 5.6 Adhesiveness of the paint coats

4.7 and 5.7 Resistance to the indentation of paint coats

4.8 and 5.8 Accelerated thermal aging of joints in elastomeric material

4.10 and 5.10 Vibration

4.11 and 5.11 Impact
4.12 and 5.12 Plastic deformation of elements in plastic material
4.13 and 5.13 Torsion resistance of threaded superior connection luminaries
4.14 and 5.14 Torsion resistance of lateral connection luminaries
4.15 and 5.15 Fixation system of luminaries mounted in suspension
4.20 and 5.20 Thermal shock for glass covers
4.22 and 5.22 Crush resistance in closing joints

4.24–25 and 5.24–25 Rain water tightness and dust tightness of the device unit housing
4.24–25 and 5.24–25 Rain water tightness and dust tightness of the optical housing

4.27 and 5.27 Main connection block
4.29 and 5.29 Hail
4.39 and 5.39 Grounding
Aditional test Thermal stress
Aditional test Ignition Cycle
Aditional test Luminous flux maintenance in time, assessment of CCT and colour rendering index Ra

Aditional test Weight determination of the complete luminaire
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consists of practically verifying that the anchoring 
or fixation screws can be removed without difficul-
ties after exposure to salt environment by using the 
suitable tools for this work.

As a complement, adhesiveness and resistance 
to indentation of paint coats are checked in order 
to determine the coating quality and its fixation 
to the base. In this sense, a low-quality paint or bad-
ly applied will not guarantee the protection needed 
for the coated material and will be detrimental for 
the product lifetime.

3.3. Another Mechanical and Electrical Tests

The vibration test uses a machine capable of in-
ducing an acceleration of 2 g in the most request-
ed point of the luminaire, during a span of 100,000 
cycles ± 1,000 cycles at the resonance frequency in 
order to determine the clamp fixation capacity and 
the mechanical resistance of all the luminary com-
ponents. With the same equipment, the impact to vi-
bration, with an acceleration of 4 g in the most re-
quested point of the luminary, allows determining 

the sample behaviour against accidental impacts 
during its transfer and installation.

It is also worth highlighting the dust tightness 
test and water tightness of the optical unit and the 
behaviour of the auxiliary equipment, Fig. 4. Both 
are intended to assess the closing of different com-
partments, linked directly with the duration of the 
device. This test, commonly known as IP degree is 
also based on an older standard: IRAM 2444 [9].

Finally, we would details more on tests related 
to electrical safety, terminal boards and grounding 
verification. The latter uses a source of low-voltage 
direct current, with which a current of at least 10 A 
is made circulate between the luminaire ground ter-
minal and each reachable metallic part. The resis-

Fig. 1. An example of 
photometric results and 
LAL equipment

Fig. 2. Example of 
spectra and colour test

Table 2. Typical Powers and Efficacies

LED Technology LED Power,
W

Luminous efficacy,
lm/W

COB 34–66 110–150
SMD MID 0.26–0.95 108–141

SMD 2.2–3.3 120–155
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tance value should not be higher than 0.20 Ω, what 
forces to a design that must address the cover wir-
ing and mobile parts.

3.4. Product Lifetime Estimation

Three tests are combined in this verification, 
which are worth highlighting for being exclusive for 
LED products:

a. Thermal stress, which consists of exposing the 
luminaire off for an hour at a temperature of –10 °C 
and immediately afterwards at a temperature of 
50 °C for an hour, repeating the cycle five times.

b.  Cycling, which puts the luminaire under a test 
of 5,000 on and off cycles (both of 30 s), being car-
ried out after the thermal stress test.

After completion of both tests, the luminary 
must continue working without apparent damages.

c. Luminous flux decay in time, assessment of 
correlated colour temperature CCT and colour ren-
dering index CRI, which consists of carrying out 
an “aging” of the luminary by means of its contin-
uous operation for 6,000 h, period after which the 
decrease of the emitted luminous flux and the CCT 
change with respect to the initial value previous 
to aging are verified, Fig. 5.

4. RESULTS

It is noteworthy the distribution of products in 
function of the different LED luminaire technolo-
gies for street lighting. Fig. 6 shows this distribu-

Fig. 3. LAL salt fog 
test equipment and 
results (photos from 
author)

Fig. 4. IP test: air (left) and water tightness (right)  
(photos from author)

Fig. 5. Aspects of 6,000 h operation test (photo from 
author)
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tion for a total of 152 luminaires involved (the to-
tal includes the same type or model, but of different 
power or LED amount). The discriminated cate-
gories are COB (Chip on board), SMD MID (Sur-
face mounted device, superficial assembly, medi-
um power) or SMD (High power surface mounted 
device).

Even though the national recommendation about 
design [4] stipulates the use of a removable and in-
terchangeable protecting covers, there are other op-
tions in the market. Fig. 7 shows the proportion be-
tween the different involved alternatives.

In Fig. 7, it is indicated “cover” when there is re-
ally an interchangeable and independent flat closing 
of the lens. “Lens” is referred to a refractor with fo-
cus optical functions and that it is also the LED pro-
tection, being able to be adhered, fixed with fasten-
ers or screws and, though it can be removed, it is not 
intended for its change or replacement.

As a complement to the distributions indicat-
ed in Figs 1 and 2, Table 2 shows the typical power 
ranges by LED and global efficacies of the involved 
samples. The values between brackets correspond 
to glass covers. It is underlined that the last version 
of PLAE requirements admits a minimal luminous 
efficacy equal to 105 lm/W for luminaries having 
a protecting cover of the glass or polymer optical 
housing not including lens in it, and higher than or 
equal to 120 lm/W for luminaries without it.

Tests to the protecting cover: paint and salt spray 
are among those with more samples not passing the 
standards set by the norm. Statistics are shown in 
Fig. 8.

In the paint tests, lack of adherence was the re-
current failure. In salt spray (240 h), it was the oc-

Table 3. Installation Assessment

Installation 1 Eav, lx Power in the area, W
Density of normalized power,  

W/(m2˖ lx)
(6 m × 39 m)

Original
(HPS250) 7.6 2 × 250 = 500 +10 % = 

550 0.309

Reconverted
(LED150) 27.1 2 × 150 = 300 0.047

Installation 2 Eav, lx
Power in the area,

W

Density of normalized power,
W/(m2˖ lx)

(7 m × 30 m)
Original

(SAP 250) 18.6 1 × 250 = 250 +10 % = 
280 0.072

Reconverted
(LED148) 32.0 1 × 139 = 139 0.021

Fig. 7. Types of cover

Fig. 6. Types of LED technologies

Fig. 8. Failures in salt spray and paint
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currence of blisters, especially in zones near the 
clamps or fastening systems (joints between alumi-
num and iron alloys). To a lesser extent, oxidation 
of base material or screws was found.

The failures of water-tightness, mainly in hous-
ings for the auxiliary device, were also important. In 
most of the cases found, the opening systems of the 
“without tool” type (snap hooks or staples) did not 
apply enough pressure to ensure the closing. It must 
be highlighted the fact that the closings with screws, 
which allow a simpler and safer design for guaran-
tying tightness, were numerous though they were 
not taken into account in the standard IRAM [4].

The percentage of failures in the rest of the tests 
was lower.

The recurrent problems were:
– Failures (breakage) in glass covers during IK8 

test have shown that percentage was lower than 
10 % of the studied samples and mainly affected flat 
refracting glasses assembled without frame.

– Between 20 % and 30 % with flaws in the wir-
ing: lack of grounding continuity, terminal board 
with inadequate marking, lack of ground terminal.

– Roughly 30 % of the photometric tests did 
not verify the PLAE requirement ratio lmax/I0 high-
er than 2 (I0 luminous intensity for the zenith) and 
to an equal extent, the colour temperature was out of 
the required range (3000–4500) K.

4.1. Result in Installations

Here we mention only a couple of cases tak-
en from the technical assistance supplied by the 
LAL to municipalities from Buenos Aires prov-
ince. In these studies, it was possible to carry out a 
standardized assessment [10] of a new installation 
(with LED luminaries) and of zones with the pre-
vious system (High Pressure Sodium lamps, HPS). 
It must be pointed out that the original installation 
dated from the 90s, with minimal maintenance. Ta-
ble 3 shows these results. Reference [11] has similar 
information for the case of highways and reconver-
sions carried out in previous periods.

5. CONCLUSIONS

The whole analysis of the results and the origin 
of the tested products allow establishing a first con-
clusion: the local standards regarding global protec-
tion of the product (paint and resistance to corro-
sion) are higher than the mean of the other markets 

products. Moreover, it is observed an excessive fo-
cus on the assignment of high IP indexes (66) often 
unfulfilled by closings of joint systems.

Finally, it is outstanding the importance of es-
tablishing quality requirements, such as the PLAE 
requirements [1] since in some way they establish 
guidelines then followed by the private specifica-
tion sheets from different buyers (town hall, coop-
eratives, etc). The final test of the converted instal-
lation is not so generalized (illuminance assessment 
according to standard); and this is a very important 
issue to be taken into account in order to really en-
sure the lighting system enhancement.
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ABSTRACT

A design of an insoplanogram of a tablet type 
that is aimed at simulating insolation and the degree 
of shadowing of the territory of different-height 
building system and buildings in southern geo-
graphic latitudes by determining the optimal gap 
between buildings through identifying shading and 
insolation, is described in action

Key words: insolation, insoplanogram, shading, 
radiation, light and shade, buildings, development

To regulate the light and microclimate of urban 
development and ensure sanitary and hygienic re-
quirements, it is important to determine the optimal 
gap between buildings. Identification of the area of 
shading and insolation is one of the most important 
tasks in determining the density or percentage of de-
velopment of residential areas, as well as urbanized 
areas in general. Architects, builders, hygienists, 
doctors, and other specialists pay great attention to 
this issue, since insolation is the most important nat-
ural factor of urban planning.

Determining the location of the building in the 
development system with the appropriate sanitary 
gaps and the choice of its orientation is one of the 
initial tasks of optimizing the insolation regime, 
which is solved taking into account the insolation, 
fire protection, and other requirements. Thus, it is 
necessary to consider purpose of a building, condi-
tions of already developed city building and climat-
ic features of the construction area.

To assess the mode of insolation and shading 
of urban areas, the author proposes an easy –  to-

use design of the insoplanogram of the tablet type 
(ITT), which allows modelling the impact of radiant 
energy of the sun on buildings and the building area.

Theoretical and experimental studies on insola-
tion and natural light began more than half a centu-
ry ago (in connection with the problems of architec-
tural design) and are fully reflected, for example, in 
books [1–5]. They set out the methods of geometric 
and analytical calculations for insolation of build-
ings, the principles of sun protection. However, in 
all these and other similar works, the issues of inso-
lation, natural lighting and UV irradiation of build-
ings are considered for conditions significantly dif-
ferent from the Central Asian and Asian countries 
located in the southern latitudes –  from 30 to 45 de-
grees north latitude.

Solar-light conditions in Central Asia are very 
peculiar: they are characterized by a maximum in 
the CIS probability and duration of sunshine, the 
most direct, total and reflected radiation, negligi-
ble stray radiation, etc. In this regard, the regime of 
solar radiation in urban areas and buildings (with 
a significant contrast of natural lighting and great 
brightness of surfaces) exposed to the direct rays of 
the sun influences the character of light and shade.

The issues of insolation of residential premises 
and territories are regulated by different normative 
documents, in particular –  [6–10].

In recent years, along with the analytical method 
for calculating insolation indicators, there have been 
works on methods of modelling the insolation re-
gime and graphical constructions of shadows from 
buildings and structures in order to optimize their 
location and orientation on the ground [11–15].
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Geometric methods of constructing the envelope 
of shadows from shading buildings in a given area 
and determining the duration of insolation in a giv-
en time interval are presented in [16,17].

Many programs have been created to calculate 
the duration of insolation of residential buildings 
and territories, see, for example, [18–20].

There are examples of underestimation or over-
estimation of such means of regulation as the im-
pact of radiant energy of the sun on buildings and 
building areas simultaneously in both qualitative 
and quantitative terms. All this leads to errors that 
are difficult or impossible to correct after the con-
struction of buildings and urban structures, espe-
cially in regions with hot climate. To get out of this 
situation, the architect-designer needs to have meth-
ods of accounting for local characteristics of inso-
lation that are easy to use, sufficiently accurate and 
suitable for general practice, and have some addi-
tional data.

The analysis of the existing methods of evalu-
ation of the insolation regime and methods of the 
corresponding calculation shows that the range of 
tasks solved by them is limited only to certain ar-
eas of design (depending on the set architectural, 
construction and urban planning problems). Today, 
there is almost no universal method that would al-
low a comprehensive assessment of both qualitative 
and quantitative indicators of insolation. The qual-
itative indicators of insolation include the duration 
of biological exposure to insolation, measured in 
hours, and its quantitative indicator, measured in W/
m2, is the irradiation on the surface, which is creat-
ed by a parallel beam of sunlight entering the prem-
ises and on the territory of the building from the di-
rection in which the disk of the sun is visible at the 
moment.

Currently, there are two ways to calculate the in-
solation time: with the help of an insolation –  man-
ually and with the help of specialized computer pro-

Fig. 1. ITT for evaluation of light and shade from buildings 
of latitudinal orientation (a) and graph of shading coef-

ficient in the circuit of interbuilding territory Kse (b) [Kse = 
Ks / Ki, Ks = Ss /Sg, Ki = Si / Sg, where Si, Ss and Sg –  areas 

of insolation, shading and general area]

Fig. 2. ITT for evaluation of light and shade from buildings 
of meridional orientation (a) and graph of shading coef-

ficient in the circuit of interbuilding territory Kse (b) [Kse = 
Ks / Ki, Ks = Ss /Sg, Ki = Si / Sg, where Si, Ss and Sg –  areas 

of insolation, shading and general area]
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grams. The computer method allows calculating 
qualitative index of insolation, which is very im-
portant for performance of expert works in cases of 
the compacted building. The manual method is sim-
ple, labour-intensive and rather exact way to assess 
not only this qualitative indicator (at architectural 
and construction design), but also quantitative inso-
lation index of an object.

In this regard, the calculation methods that sim-
ulate the natural course of insolation on the building 
plan have practical application in urban planning 
to the present time. They allow using tablet type de-
vices to determine both qualitative and quantitative 
insolation indicators directly on the scheme of the 
building plan made at the appropriate scale.

An easy-to-use device for determining the values 
of qualitative and quantitative indicators of insola-
tion and shading zones is the proposed ITT built on 
the basis of astronomical data on the positions of the 
sun and nomogram standards of the Sternberg As-
tronomical Institute.

The ITT proposed for the practice of designing 
does not claim to be universal in application. The 
calculations made with ITT and the graph of solar 
radiation intensity attached to it do not contradict 
the existing methods of estimating the insolation re-
gime –  with the help of different graphs, tablets and 
computer calculations. (On the contrary, they make 
up for the lack of assessment of the “energy side” 
of insolation).

Difference between calculation of insolation in-
dicators by means of ITT and other methods of cal-
culation consists that ITT allows predicting the in-
solation mode concerning a chiaroscuro on the plan 
of different height building and making “energy” 
calculation.

The construction of gaps between buildings, 
their comparison and analysis of the conditions of 
insolation of the territory and buildings using the 
proposed ITT allow us to conclude that at any orien-
tation of the building, the gaps are a function of the 
area of the envelope of shadows for the normative 
duration of insolation (Fig. 1 and Fig. 2).

The principle of construction and operation of 
ITT is caused by the interaction of the position of 
the insolated or shaded object on the earth’s surface 
and the course of the sun in the sky during the day-
light hours from 6 to 18 hours solar time. The con-
struction of the envelope of shadows from buildings 
is made in the period from sunrise to sunset for dif-
ferent geographical areas for the necessary warm 
and cold months of the year, as well as in the pe-
riod provided for in the construction and sanitary 
standards.

ITT consists of a flat transparent base. The tra-
jectory of the sun for the required month of the year 
within the azimuth from 0 to 360o and the posi-
tion of the insolated object are given in a horizon-
tal plane and expressed in a circular contour of the 
Central part of ITT for the period of daylight.

In the upper part of the device, the pointer of its 
direction to the North is applied when the device is 
superimposed on the building scheme. Under the di-
rection indicator, there are the latitude and building 
parameters –  length L, width B and height H.

Basis of ITT –  circular grid formed by open cir-
cles applied at intervals H equal to the height of the 
shading building in the scale of the drawing. To the 
right of the direction indicator is the length of the 
radii of the incomplete circles that are multiples of 
the height of the shading object 1Н, 2Н, 3Н, 4Н, 
5Н, 6Н, and 7Н. To the left is the angular height of 

Fig. 3. Scale of solar-daylight savings time
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the sun (45o, 26o30’, 18o30’, 14o, 1 o30’ and 9o30’ 
and 8o) at the time of the beam passing through the 
top of the building with a height of H in the centre 
of the device.

On ITT, the insolation time is given by the aver-
age solar time. The conversion of solar time to terri-
torial time or vice versa for the territory of the CIS 
according to the given solar-daylight scale is pre-
sented in Fig. 3.

Qualitative indicators of insolation of the build-
ing area, facades of buildings and premises, as well 
as the construction of the envelope of shadows and 
the shading area, are determined by applying a 
transparent planchette directly to the development 
plans.

The duration of the thermal effect of insolation 
with the establishment of the amount of incoming 
solar energy is determined in accordance with the 
schedule attached to ITT, Fig. 4.

ITT determines indicators of insolation and its 
impact on horizontal and vertical surfaces oriented 
to azimuths from 0 to 360° and shaded by buildings, 
canopies, balconies and loggias.

Parameters determined by ITT in assessing the 
insolation of buildings are the next:

– Direction, area, time and duration of insola-
tion and shading;

– Direction, area, time and duration of UV ex-
posure to insolation;

– Direction, area of irradiation and shading;
– Direction, area, time, duration of thermal ex-

posure to insolation with the establishment of the 
amount of incoming solar energy;

– Areas for planting trees and various shading 
devices.

Using ITT and according to development plans 
made on a scale from 1:500 to 1:2000, the optimal 
orientation of buildings and the size of the gaps be-
tween them in the building are established in the 
residential area and the territory of cities accord-
ing to the height of the shading object, and it is also 
planned to place sports and children’s playgrounds, 
driveways, walkways, green spaces, recreation ar-
eas, public utility sites, etc.

For insolation calculations in flat conditions, the 
height of a building is usually taken to be its size 
from ground level to the highest elevation of the 
building. The ground level under the shading build-
ing can be (by horizontal marks) above or below 
the point under study. In this case, it is necessary to 
take into account the terrain. The height of the shad-

ing object should be taken as the difference between 
the highest mark of the cornice of the shading object 
and the mark of the point under study.

The selection of the necessary device with the 
determination of the estimated height of the shad-
ing building is the first and mandatory condition 
that must be observed in all insolation calculations.

The accuracy of the assessment of insolation de-
pends on the latitude, scale of the drawing, the size 
of the shading object, and the direction of the me-
ridian of ITT.

The proposed ITT is designed to predict the 
mode of insolation and to identify the degree of 
shading of the territory of different-height build-
ings in order to optimize the volume-planning 
structure of buildings and urban areas, their im-
provement, landscaping and selection of sun pro-
tection devices.

The initial stage of design and survey work on 
the formation of a planning scheme of urban devel-
opment with a comfortable environment is the as-
sessment, analysis and regulation of the duration of 
insolation of the active layer of the building, which 
is the key climate-forming factor of the premises 
and the development areas.

Thus, the ecological situation of the territory of 
urban development and buildings erected in a hot 
climate depends on the prediction and assessment of 

Fig. 4. Intensity of total (▬) and direct (▬) solar radiation 
for 40 degrees north latitude during the year from 8 to 18 

hours solar time, W/m2
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the insolation regime in qualitative and quantitative 
terms at the design stage.

The developed ITT is recommended for use in 
design and survey works in architectural and con-
struction design of buildings and in urban planning 
in the development of general plans of settlements, 
cities, scheme of planning, organization of land 
plots and in solving a certain range of tasks to assess 
the insolation regime.

This design of ITT with the schedule of solar ra-
diation intensity attached to it and a technique of us-
ing the device were tested in a number of design and 
survey works and in educational practice of students 
of architectural and construction universities, hav-
ing received a positive assessment.
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ABSTRACT

The article describes the results of the second 
part of examination related to transparent structures 
of the Pushkin State Museum of Fine Arts: the lan-
tern lights. The structures are cultural heritage of 
federal importance and are subject to state preserva-
tion. Based on the results of comprehensive exam-
ination, the conclusions were made that these struc-
tures are in unsatisfactory condition and materials 
were prepared for development of recommenda-
tions concerning their restoration.

Keywords: transparent structure, lantern light, 
heat transmission resistance, thermal behaviour, 
condensate, metal structures

In the first half of 2018, the Structure Physics 
Research Institute (NIISF) conducted examination 
of historical windows of the 1st floor of the main 

building of the Pushkin State Museum of Fine Arts 
(hereinafter referred to as Pushkin Museum) [1–3]. 
This article describes the next stage of examina-
tion of the museum’s historical transparent struc-
tures, namely assessment of conditions of the lan-
tern lights [4].

Fig. 1. illustrates the scale of the transparent 
structures of the Pushkin Museum.

Such complex roofs are rather common for art 
museums. Fig. 2, for example, demonstrates the 
building of the Lille Palace of Fine Arts (France) 
built in 1897 (15 years before the main building 
of the Pushkin State Museum of Fine Arts). In the 
1990’s, the museum successfully undergone resto-
ration and was opened again in 1997. Therefore, the 
Lille museum somehow becomes a reference point 

Fig. 2. Lille Palace of Fine Arts
Fig. 1. Model of the main building of the Pushkin State 

Museum of Fine Arts
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for restoration the Pushkin State Museum of Fine 
Arts on Volkhonka street.

Necessity of such transparent structures in muse-
ums of fine arts is substantiated by the fact that most 
of fine art works look the best way under natural 
lighting [5]. The basics of natural lighting of build-
ings (including museum buildings) were developed 
back in the middle of the previous century [6, 7] 
and virtually all modern galleries are equipped with 
lantern lights to the largest extent possible. Fig. 3 
demonstrates the halls of the Pushkin State Muse-
um of Fine Arts and the Lille Palace of Fine Arts. 
General trends in lighting of exhibits in these build-
ings are obvious.

Due to the decision of establishment of the Mu-
seum Quarter on Volkhonka street and adjacent 

streets, the adjacent buildings were signed over 
to the Pushkin State Museum of Fine Arts, and, like 
the main building, these buildings are currently un-
dergoing serious reconstruction, and restoration of 
working efficiency of transparent structures (lantern 
lights) should be a part of this process.

The studies, performed by the specialists of 
N.M. Gersevanov NIIOSP in 2014–2015 [8], have 
shown that the transparent structures of the main 
building of the Pushkin State Museum of Fine Arts 
are in unsatisfactory condition. In particular, 65 
dangerous to use sections and 11 sections with lim-
ited operating capacity were identified.

The dangerous to use sections are primarily the 
areas of strong (up to 100 %) corrosion of joint 
plates, angle legs and inclined elements connecting 
the frame work to the walls of the building as well 
as thread stripping of bolts. Such areas are located 
primarily at corners of the buildings, in the vicinity 
of neck gutters and ridge part of frame works.

For illustration of the conclusions of the study 
[8], only one example is presented below (Fig. 4).

The museum’s transparent structures consist 
of three main elements: the main element (lantern 
light); the sub-lantern element; the lower element 
(ceiling of diffuse glass above the exhibition halls).

Nowadays all these elements are made of one 
glass pieces attached to metal T-profiles (Fig. 5). All 

Fig. 3. Systems 
of natural lighting 
of museums:
a –  one of the halls 
of the Pushkin State 
Museum of Fine Arts; 
b –  similar hall of the 
Lille Palace of Fine 
Arts

Fig. 4. Roof beam joint with traces of corrosion

Fig. 5. Cross-section of the transparent structure

Fig. 6. Exterior of the transparent structure in 2018
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the structures were installed during construction of 
the museum in the beginning of the previous centu-
ry (some restoration works were performed in the 
1960–1970’s). Fig. 6 shows contemporary exterior 
of the transparent structures of the museum.

The transparent structures (at least those of the 
lantern light and the ceiling) installed in the main 
building of the Pushkin State Museum of Fine Arts, 
like most of its other structures, are subject to state 
supervision and their full replacement is prohibited 
by law. Each element of the transparent structure is 
analysed separately.

The current state of the structural elements of the 
main element of the museum’s transparent structure 
(lantern light) is shown in Fig. 7.

Briefly summing up the results of our examina-
tion, the following may be noted:

– The roof pitches are made of glass fragments 
with thickness of 4 mm (average dimensions of 
glass fragments are (415×1110) mm), the pitch is 
50°;

– The glass fragments are installed on T-profiles 
(35×35×3) mm which are supported by horizontal 
steel angles (90×10) mm;

– The main frame works are made of two weld-
ed (bolted?) beam channels so that they actually 
have a profile of an I-beam;

– Dimensions of the frame work cross-section 
are as follows: width of 150mm, height of 140 mm, 
thickness of 5 mm to 7 mm (depending on thick-
ness of the coating applied over the previous 100 
years);

– Spacing between the frame works is not uni-
form and its average value is 2,850 mm;

– The height of the ridge of main element of the 
triangular lantern light from the floor of the roof 
space is about 8,000 mm and that of the semi-cylin-
drical lantern light is 10,000 mm;

– The glass fragments are installed with higher 
fragment overlapping the lower one (like roof tiles) 
with a small spacing providing both additional ven-
tilation and natural removal of condensate generat-
ing on the inner surface of glass (V.G. Shukhov’s 
idea);

Fig. 8. Ridge of the lantern light transparent structure and 
traces of repairs

Fig. 7. Elements of the 
lantern light structure 
in 2018

Fig. 9. Fixation of the 
lantern light glaring 
elements to horizontal 
guides



Light & Engineering  Vol. 28, No. 1

66

– The glass fragments are fixed to the horizontal 
steel angles by means of clips made of sheet steel;

– The joints of glass and T-profiles are sealed 
with joint sealer (with caulking compound in some 
places) with poor quality: there are holes admitting 
precipitation;

– Ventilation of the space beneath the glass is 
performed by means of airways made of sheet steel 
and located in the upper part of pitches (in each next 
but one segment);

– The ridge of the roof has numerous traces of 
leakages and patching up with poor quality (Fig. 8);

– There are numerous traces of leakages as 
well as broken glass fragments in the lantern light 
glaring;

– In the course of maintenance of lantern light 
glaring, glass was replaced by plywood sheets and/
or galvanised steel sheets (Fig. 8);

– Lantern light glaring is dirty and was not 
maintained for a long period of time, which signifi-
cantly reduces its lighting properties.

The scheme of lantern light glaring is shown in 
Fig. 9.

The second element of the transparent structure 
(sub-lantern) consists of triangular structures and 
has the following dimensions: lower width –  from 
4,000 mm to 7,000mm, edge height –  970 mm, cen-
tre height –  1,410 mm. The size of sub-lantern is 
a little smaller in semi-cylindrical lantern lights. 
Glazing of sub-lanterns is made of one glass piec-
es with thickness of (5–6) mm installed in T-pro-
files similar to those used in the main element of the 
transparent structure.

The pitch of the horizontal glaring of the sub-lan-
tern is equal to (10–15) angular degree.

Current state of the sub-lantern glaring absolute-
ly does not comply with its intended use, i.e. provi-
sion of natural lighting of exhibition halls. That is 

why there are numerous additional light sources in-
stalled in the space between the diffuse ceiling and 
the sub-lantern (Fig. 10).

For prevention of leakages to the main halls, the 
sub-lantern is currently covered by fabric, polymer 
film, etc. (Fig. 10).

Due to the constant leakage, the profiles on 
which the glazing of the side panel is corroded and 
need to be replaced and or deep cleaned and coated 
with special compounds

Diffusing opaque glass (with rather dense frost-
ing) in the ceiling is installed horizontally on the 
same metal T-profiles with cross-section dimensions 
of (35×35×3) mm as the other elements of the trans-
parent structure (Fig. 11). Its view from the exhibi-
tion halls is shown in Fig. 3, a.

To define the areas with uniform heating perfor-
mance of the examined transparent structure and 
to discover the ingress zones, thermal imaging in-
spection was performed. For this purpose, NEC 
TH-9100 thermal vision camera and a pyrometer 
were used. The inspection was performed with con-
sideration of requirements of GOST R [9].

Fig. 10. Inner space 
and exterior of the 
sub-lantern

Fig. 11. Exterior of the diffusing ceiling with  
the lighting devices
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The thermal imaging inspection of the exam-
ined structure was performed at ambient tempera-
ture of ta= –4.5 °C and internal air temperature of 
ti = +20 °C (Fig. 12).

The temperatures of the transparent structure 
were measured in some areas above the exhibition 
halls (27 and 29) and in these premises themselves 
(with lighting devices on).

Ambient temperature: –  4.3 °C.
The area above Hall No. 27 –  temperature under 

the outer lantern light: (3–5) °C; temperature under 
the sub-lantern: (9–10) °C; temperature of sub-lan-
tern side glazing: 8,6 °C.

The area above Hall No. 29 –  temperature under 
the outer dome: (3–5) °C.

Fig. 13 shows the layout of sensor positioning 
and Fig. 14 shows the values of temperature and 
heat current at different points of the transparent 
structure.

One of the main conclusions of the examina-
tion which may be used for planning of thermal be-
haviour of the transparent structures during their 
restoration is that the difference between the ambi-
ent temperature and the temperature under the main 
lantern light in the roof space is (8–10) °C.

In order to define reduced total thermal resis-
tance Ro, the inspection was performed by means of 
heat current and temperature meters. The measure-
ments were performed in accordance with recom-
mendations [10, 11].

The obtained values of Ro of the lantern light 
glazing and sub-lantern + ceiling glaring: (0.18–
0.20) (m2·°C)/W and (0.40–0.45) (m2·°C)/W 
respectively.

The important result of this part of inspection, 
which may be used for planning of thermal be-
haviour of the transparent structures in the course of 
their restoration, is that Ro increases by (0.20–0.25) 
(m2·°C)/W if glazing of the sub-lantern and the ceil-
ing is assessed together.

Based on the numerous on-site investigations 
of the historical transparent structures of the main 
building of the Pushkin Museum, the following ma-
jor conclusions were made:

1. The transparent structures are in a very bad 
condition (non-repairable in some cases): there is 
rust on nearly all structures, holes, non-working 
hardware, etc;

2. The characteristics of the transparent struc-
tures (reduced total thermal resistance, air permea-
bility) do not comply with the applicable regulato-
ry documents;

3. The condensate generated on the inner surfac-
es of the transparent structures in cold periods caus-
es negative impact on durability of the structures;

4. It is necessary to provide special sun-protect-
ing devices and curtains diffusing direct sunlight for 
the structures of the lantern lights facing the East, 
the South and the West facades of the main building 
of the Pushkin Museum;

Fig. 13. Scheme of 
positioning of tempera-
ture and heat current 
sensors:
a –  above Hall No. 27; 
b –  above Hall No. 29

Fig. 12. Thermo-
graphics of the trans-
parent structures:
a –  the lantern light; 
b –  sub-lantern and the 
ceiling
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5. In view of the planned comprehensive recon-
struction of the museum, establishment of the Mu-
seum Quarter on Volkhonka street and impossibility 
of replacement of historical transparent structures, 
which are cultural heritage subject to state supervi-
sion, it is necessary to develop the measures aiming 
at increase of their efficiency.

The results of heat engineering calculations of 
different variants of transparent structures efficien-
cy increasing and recommendations for their resto-
ration will be presented in the following article by 
the authors.
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ABSTRACT

This study performed with the purpose of con-
structing and validating a model named OptimLUM 
(Optimizing Luminaire Layouts) to estimate the 
most accurate location, number and type of artifi-
cial light sources according to average illuminance 
and maximum uniformity in an office. OptimLUM 
is appling through Excel Spreadsheet to develop 
the model and uses Evolver, which is basing on ge-
netic algorithm to implement optimization routine. 
To validate the reliability of the proposed model, lu-
minaire layout scenairos generated for two types of 
luminaires after taking illuminance measurements 
in an actual office. OptimLUM illuminance values 
were comparing statistically with measurement and 
DIALux results to test the applicability of the mod-
el. The model performance is highly accurate in de-
termining luminaire positions: coefficient of deter-
mination R2 and coefficient of variation CV were 
equal to (86–99)% and to (0.04–0.12) respective-
ly, and for all scenarios. Its outputs are closer to the 
actual measurements when compared with DIAL-
ux outputs.

Keywords: luminaire layout, optimization, of-
fices, artificial lighting

1. INTRODUCTION

Lighting design of a workspace is a compli-
cated task that includes multiple criteria based on 
many physical and psychological aspects [1]. Oc-
cupants need to work in comfortable and healthy 
environments but also in energy efficient build-

ings. A significant amount of office buildings’ ener-
gy consumption is due to artificial lighting [2]. The 
planning of artificial lighting systems involves in 
office buildings, like any other buildings, consider-
ation of the metrics of lighting quality and quantity 
[3]. These metrics are illuminance, uniformity and 
the location of luminaires. Lighting designers select 
and decide on the types of lamps and luminaires ac-
cording to these metrics and as result of mathemat-
ical simulations of lighting installations. Softwares, 
such as DIALux, Relux, Radiance, use engineering 
computational tools and architectural rendering to-
gether. These softwares are good assisting tools for 
lighting designers, presenting luminaire layout al-
ternatives due to grid layouts [1,4]. However, they 
are not result in the most accurate or optimum po-
sition of luminaires irregardless of array layout ar-
rangement and without the intervention of the user. 
Potential solutions/designers’ assumptions for bet-
ter performance cannot be confirmed or rejected 
through effective search mechanism. In this sense, 
it is necessary to propose optimal and alternative 
solutions by maximizing comfort conditions and 
minimizing energy consumption by practical op-
timization techniques, such as genetic algorithm, 
heuristics and meta-heuristics etc…

There are some researches about deciding lu-
minaire positions. Mourshed et al. proffer a nov-
el method named Phi-array to fit visualization and 
decide luminaire position. Authors used the sim-
ulation program Radiance to get illuminance per-
formed with a frame, which includes illuminances 
of reference points. Similar grid frame was appling 
for lighting source locations estimation. The both il-
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luminance on the horizontal and vertical surfaces 
are analyzing by simulation program. These, three 
dimensional, data are evaluating by Genetic Al-
gorithm for optimization process [3]. Researchers 
continue developing and using different methods 
while they also validate them to show their reliabil-
ity. F. Cassol et al. presented a new methodology 
to find luminaire location by getting satisfying illu-
minance and lowest power consumption. The gen-
eralized extremal optimization (GEO) algorithm is 
used to solve the problem and this type of solution 
technique supply a set of luminaire layout solutions 
[5]. Another study designed a fuzzy logic controller 
according to daylight, users’ movement and light-
ing comfort. A lighting system was set up in an of-
fice and the controller is experimentally tested by 
getting illuminance measurements [6]. De Rosa et 
al. prose a new code about prediction of daylight il-
luminance on the inside surfaces. The code name is 
INLUX was validated by comparing its calculated 
illuminance with illuminance measurements inside 
a scale model 1:5 [7].

There are many ways to validate new propos-
als about lighting studies. With reference to these 
studies, the main objective of this study is to eval-
uate the prediction accuracy of interior illuminanc-
es carried out by OptimLUM through comparison 
of the simulation results with measured data. Thus, 
the performance of optimization model OptimLUM 
was empirically testing by getting measurements in 
a test case and by the DIALux models to explore its 
applicability and validity. The validation process 
involves the formulation of a linear regression line 
developed in scatter diagrams to compare the mea-
surements and proposed model illuminances for 
different luminaire layouts and observe the strength 
of their relationship. Coefficient of determination 
(R2), root mean square error (RMSE), normalized 
root mean square error (NRMSE) and coefficient of 
variation (CV) were also calculated.

2. APPLICATION OF PROPOSED 
MODEL OPTIMLUM

This section presents process of setting an op-
timization model through calculating the unifor-
mity and illuminance to conclude the best pos-
sible layout design. User’s data generation about 
selected room and luminaire type and the calcu-
lation method to acquire the optimum solution are 
explaining.

2.1. Construction of User’s Data Set

Lighting design can be simplified by determina-
tion of the correct luminaire positions to avoid un-
balanced illuminance distribution while selecting 
the accurate light source for the volume to be il-
luminated [8]. User needs to contribute some ba-
sic information about luminaire type, office dimen-
sions and surfaces to Excel Spreadsheet. Model was 
developing through Excel. Information about of-
fice consists of room dimensions (height, width and 
length) and surface reflectances (wall, ceiling and 
floor). A luminaire database for offices was generat-
ing for OptimLUM users to select luminaire type ef-
fortlessly. This database includes luminous flux and 
photometric data of luminaires from various manu-
facturers. Photometric data not only provides lumi-
nous intensity of luminaires that varies according 
to vertical (Gamma, γ) and horizontal (C) angles 
but also makes it possible to calculate illuminance.

2.2. Calculation Process

The basic metric for visual comfort is illumi-
nance. Calculation of illuminance can be possible 
through a certain number of mathematical process-
es related to the behavior of light to get adequate il-
luminated spaces. These mathematical calculations 
guide designers to decide lighting sources’ layout. 
Point method is one of them based on illuminance 
at any point on observed surface [9]. Uniformi-
ty is another metric that helps to understand differ-
entiation of illuminance values in the whole space. 
To make the OptimLUM run flexible at different 
room dimensions and with different luminaires, cal-
culation formulas were encoding in Visual Basics 
(VBA). The first step was to generate grids on the 
working plane and ceiling to determine calculation 
points and luminaire location points. Their coordi-
nates on x, y and z plane were generated through 
calculating the arithmetic mean of the room length 
and width. Calculation points and luminaire lo-
cation points placed at least of 0.46 m away from 
the surface of the walls. The grid size of calcula-
tion points was set to be (400×600) mm. Furniture 
not taken into acoount in calculations. Since most-
ly, their layout can be flexible. Workplane illumi-
nance has the significance in uniformity and aver-
age illuminance calculations. Therefore, the model 
is an abstraction of the empty office geometry. Sus-
pended ceilings generally used in offices and their 
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size mostly (600x600) mm. Because of these rea-
sons, the grid size of luminaire location points was 
(600x600) mm, and, according to architectural qual-
ities of the space, recessed mounted modular lumi-
naires were selecting. Such non-aligned grids were 
using to get the contribution of various distribution 
angles of the luminaires, and that resulted in dissim-
ilar illuminances. Based on these grids, γ and C an-
gles between calculation points and location points 
of light source were calculating as outputs at this 
step. C angle is the resulting angle between light 
source and calculation point on horizontal plane, 
Fig. 1.

The model provides us flexibility to change the 
grid size and its distance to the wall so there is a 
possibility to include different dimensions of lu-
minaires i.e. linear type. The orientation of lumi-
naires to specify their position is defining by C and 
γ angles.

Two components have impact on illuminance 
considering point method. These are direct and in-
direct component of horizontal illuminance. Direct 
component is the effect of luminous intensity from 
light source on a point. Direct component calculat-
ing according to given formula (1) is using:
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where Φ is total luminous flux of lumuminaire, Irel 
is the reduced luminous intensity on the point ac-
cording to C-γ angles (cd/klm), h is the vertical dis-
tance between the lamp and the point, and α is the 
angle between these [10]. Total direct illuminance 
would be calculating by repeating this formula (1) 
for all concided points of space.

To calculate indirect component ( indE ) from the 
operation of the light occurring by reflection from 
surfaces formula (2) is using:
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, Ø is the luminous flux leav-

ing the luminaires, ∑Fn is the total area of the room 
surfaces, ρn is the reflectance of each surface and 
ρavg is the average reflectance of all room surfac-
es (2).

Uniformity is significant to understand differ-
entiation of illuminances on all surfaces. Because 
different lighting design alternatives proposed may 
cause some bright or darks regions in the horizon-
tal plane due to the overlap or gap of the luminous 
intensity distribution curve. Non-uniform light dis-
tribution could cause glare when one region in the 
interior space is brighter than the general brightness 
[9]. Generally, it is defining as ratio of the mini-
mum to the average illuminance. Yet, this ratio is an 
overall measure to give an idea about illuminance 
balance. To test illuminance fluctuations in detail, 
mean relative deviation (MRD) (3) is using to calcu-
late relative deviation of illuminance at each point 
from the average illuminance of the whole space, as 
cited in literature [10].
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3. OPTIMIZATION APPROACH

Optimization is a progress to find most appropri-
ate solution for a problem having many conceivable 
solutions. EVOLVER6 (ADD-INS for Excel) was 
used as optimizer which is for non-linear optimi-
zation problems and the EXCEL spreadsheet appli-
cation [13]. EVOLVER uses genetic algoritm (GA) 
which is an optimization method based on Darwin-
ian principles of natural selection and OptQuest En-
gine, which includes metaheuristic, mathematical 
optimization, and neural network components to get 
best solutions to decision and planning problems of 
all types.

Fig. 1. Gamma(γ) and C angles between calculation points 
and location points of light source
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The optimization model includes many decision 
variables based on the objective function, and con-
straints. So, all possible luminaire location points, 
illuminance at each calculation point, average il-
luminance and uniformity (MRD) were calculat-
ed and were used as the main input data in the opti-
mization model. Here, the primary objective of the 
research is to get illuminance uniformity (4) clos-
er to zero on the working plane (0.8m) that means 
minimum deviation between illuminance levels at 
each calculation point [12]. There are two hard con-
straints, which are recommended illuminance be-
tween (300–500) lx [14], (5, 6). Eavg is the average 
illuminance of working place. Ei is the illuminance 
level at one calculation point, and Em is the mean of 
illuminance at all these points.

Variables are to find location of luminaires:
( ) ( ) ( )1 1 1 2 2 2, , , , , , , ,n n nx y z x y z x y z ……

Minimize uniformity: 1 
N

i mi
E E

MRD
NE

=
−

= ∑  

is subject to: 300 500avgE≤ ≤  (4), [12].

4. EMPRICAL VALIDATION 
OF OPTIMLUM

To test the accuracy of the model outputs an of-
fice illuminance selected as a case study. An actual 
office room located at İzmir Institute of Technolo-
gy, (5.33×3.32×2.9) m in size was testing to check 
the proposed optimization model. Luminance meter 
was used for reflectance coefficients measurements, 
which were calculated for walls, floor and ceiling in 
accordance with formula (5), [15].

 surface
s white

white

L
L

ρ ρ= , (5)

where sρ  is the reflectance value of surface, whiteρ  is 
the reflectance value of white surface, surfaceL  is the 
luminance of measured surface, and whiteL  is the lu-
minance of white surface. According to these mea-
surements,  wallρ was calculated as 0.37,   ceilingρ as 
0.27 and  floorρ as 0.60.

Two different luminare types were selecting for 
the test case: LED and FL. Luminous flux of lumi-
naire with LED is 3700 lm while the one with FL 
is 3780 lm. OptimLUM ran two times with two lu-
minaires, defining luminaire location grids and cal-
culation grids initially. The first grid consists of 40 
discrete points to estimate location of light source; 
while there were 60 calculation points at which il-
luminance was calculated based on luminare data 
sheets (Fig. 4) one by one in each iteration.

Each light source location is designating with 
a number starting from the first upper left grid –1 
and ending at the last lower right grid –  40. Em-
ploying these two grids, objective function and 
constraints together, OptimLUM generated in sum 
22359 possible installation scenarios for LED lumi-
naires. The 2359 were the best trials among 19626 
valid trials. It is also produced 22483 total trials 
for FL luminaires. The number of best trials was 
9691 among 11507 valid trials. The computation-
al times for calculating the optimal solutions were 
809 s and 814 s respectively. OptQuest engine was 
the optimization engine to get solutions of both lu-
minaire types.

Fig. 2. Flow chart of calculation progress

Fig. 3. Flow chart of optimization progress
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Model estimated two optimum layout scenarios 
using three LED and fluorescent separately, present-
ing the minimum deviation in uniformity and satis-
fying the required average illuminance (Fig. 5).

4.1. Validation of Calculation Process

4.1.1. Layout scenarios for measurements 
and simulations (DIALux)

Besides layouts obtained from OptimLUM, two 
alternative ones offered to validate illuminance cal-
culation of OptimLUM and optimized estimation of 
OptimLUM comparing illuminance and uniformi-
ty results (Fig. 6). In Alternative I, three luminaires 
were located linearly and had symmetrical distance 
from walls. Alternative II includes three luminaires 
placed arbitrarily in triangle layout (Fig. 6). One 
set of these three layouts analyzed including LEDs, 
while another set involved Fl luminaires.

In addition to these triple layouts above, to find 
the contribution of each luminaire to each measure-

ment point, new layouts including single and dou-
ble luminaires were determined for validation of 
the illuminance calculation process of OptimLUM. 
During the measurement step, illuminance values of 
single and double configurations of luminaires mea-
sured on workplane (0.8 m height) by switching on 
while the other luminaires are switching off in the 
actual test case. After this process, the 36 configura-
tions were simulating in DIALux, additionally illu-
minance values calculated by OptimLUM (Table1). 
Calculation grid coordinates defined by OptimLUM 
used as illuminance measurement points in test case 
and as calculation points for simulation.

4.1.2. Statistical evaluation of measurements, 
simulation and OptimLUM calculation

Illuminance measurements and DIALux sim-
ulations aimed to test the illuminance calculation 
method of optimization model and to validate lay-
out estimation of OptimLUM performance by com-

Fig. 5. OptimLUM estimations for luminaires with LED 
(left) and fluorescent (right)

Fig. 6. Alternative luminaire layouts- Alternative I for 
LED and fluorescent (left) and Alternative II for LED and 

fluorescent (right)

Fig. 4. Data sheets 
of selected LED and 
Fluorescent luminaires
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paring illuminance and uniformity. Illuminance dis-
tributions of all scenarios were comparing by line 
charts. It observed that OptimLUM outputs are clos-
er to the actual measurements when compared with 
DIALux outputs. When we compare OptimLUM 
layout and Alternative I findings for LED in Fig. 7 
regarding minimum, maximum, average values and 
standart deviations, OptimLUM outputs were very 
slightly higher than DIALux outputs while both of 
them remained lower than the measurement values. 
A few deviations between fluctuation lines of Opti-
mLUM, DIALux and measurement values in Opti-
mLUM layout observed when we compared it with 
Alternative I layout in Fig. 7.

Therefore, calculated by OptimLUM illumi-
nance values fits very well with the measurement 
values regarding the overall results for luminaires 
with fluorescent lamps.

Scatter diagrams were using to validate the Op-
timLUM model by comparing OptimLUM values 
and illuminance measurements. Excel calculated the 
coefficient of determination (R2) and the linear re-
gression equation. The model performance is high-
ly accurate in calculating illuminance values with 
R2 in range (86–99)% (Figs. 8,9 and 10). The high-
est coefficient of determination, which is 99 %, is 
observed in single luminaire configuration calculat-
ed by OptimLUM (Fig. 8) Root mean square error 
(RMSE) which is an indicator to show differences 
between outputs is calculated by given formula (6).

( )2

1, 1,1 
N

t tt
o m

RMSE
N

=
−

= ∑ , (6)

where o is the illuminance output of OptimLUM, 
and m is the measured illuminance for all calcula-

Fig. 7. Distributions of illuminance values in OptimLUM layout (left)  
and Alternative I layout (right) for Luminaire with LED

Table 1. Number of Scenarios

LED luminaires

OptimLUM Alternative I Alternative II

single 3 2 2

double 3 3 2

triple 1 1 1

Fl luminaires

single 2 2 2

double 3 3 3

triple 1 1 1
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tion points, N is the number of calculation points. 
These error values change between 17.88 lx and 
102.90 lx in general. RMSE in range ± (17.88–
18.40) lx is the least errors similarly obtained from 
single luminaire configuration by OpitLUM. Al-
though model outputs fit the measurements with the 
highest R2, the single LED configuration performs 
better with the minimum error rate. Normalized root 
mean square error (NRMSE) is another statistical er-
ror indicator to evaluate outputs reliability calculat-
ed by Eq. (7).
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o m
NNRMSE
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=
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=
−

∑
, (7)

where maxo  is the maximum illuminance output of 
OptimLUM and mino  is the minimum illuminance 
output of OptimLUM. Similar and lower NRMSE 
values (0.04–0.08) for all configurations indicate 
the consistency of the OptimLUM (Fig. 6,7 and 8).

The CV (coefficient of variation of root mean 
square error) is one of statistical indices for determi-
nation of the optimization model similarity calculat-
ed by given formula (8).

*100RMSECV
m

= , (8)

where  m is the sample mean of illuminance mea-
surements. As the CV is closer to 0 %, OptimLUM 
illuminance values are closer to illuminance mea-
surements. CV for all scenarios between (4–12)% 
show the reliability of the model (Figs.6,7 and 8).

Fig. 8. Statistical analysis in Alternative II layout of Fluorescent and OptimLUM layout of LED

Fig. 9. Statistical analysis of double luminaires configuration in Alternative I layout of Fluorescent  
and OptimLUM layout of LED
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4.2. Validation of Optimization Process

Model aimed to optimize the uniform illumina-
tion with an average illuminance based on standards 
[14]. Comparison between alternative layouts and 
OptimLUM proposed layout shows that the evolved 
one by OptimLUM achieved an average illumi-
nance closer to the standards (300–500) lx, while 
Alternative I for luminaire with LED did not. In 
addition, regarding uniformity, OptimLUM layout 
provided better uniformity with 0.13 of MRD for 
both types of luminaires (Table 2). Since this shows 
us the minimum deviation, which is close to zero. 
Additionally, U=(Emin/Eavg) is calculated as 0.63 
which is the highest among others and closest to the 
reference uniformity value of 0.8 [14].

5. CONCLUSION

This work presents the development and the 
validation processes of a new optimization model 
named OptimLUM to find the optimum position for 
luminaires providing energy efficient layout and vi-

sual comfort requirements. Energy efficient is bas-
ing on using the minimum number of luminaires in 
the best possible layout design, unlike lighting de-
sign solutions of DIALux reticulate and symmetri-
cal layouts. This proposed tool is a new alternative 
approach of applying an optimization model in ar-
chitectural lighting research. We expect to have a 
less time consuming, effective and dynamic model 
for early design phase.

In an actual test case, this new proposed tool was 
studing by illuminance measurements and simula-
tions. Two different types of luminaires (LED and 
fluorescent) used for case study. Apart from Opti-
mLUM layout results for two luminaires, two al-
ternative layouts including single and double lu-
minaire configurations were determined. Based on 
illuminance distributions for all scenarios, Optim-
LUM outputs are closer to the actual measurements 
when compared with DIALux outputs. Model out-
puts present a high accuracy with the illuminance 
measurements. Considering the validity of the Op-
timLUM outputs, it can be using by the architect 
or lighting designer to determine the correct posi-

Fig. 10. Statistical analysis of single luminaires configuration in Alternative I layout and OptimLUM layout of LED

Table 2. The Eavg and Two Uniformity Results of OptimLUM Estimation layout, Alternative I and II for 
Luminaires with LED and Fluorescent Lamps

LED

OptimLUM Alternative I Alternative II
Eavg 441.72 lx 518.09 lx 491.21 lx

U (MRD) 0.13 0.21 0.17
U (Emin/ Eavg) 0.63 0.57 0.45

Fluorescent
Eavg 327.83 lx 407.24 lx 387.89 lx

U (MRD) 0.13 0.21 0.17
U (Emin/ Eavg) 0.52 0.58 0.49
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tion of the luminaire to avoid unbalanced illumi-
nance distribution while selecting the accurate light 
source.
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ABSTRACT

In the context of an aging population, it is im-
portant today to take into account the needs of our 
seniors, to help them better live their aging. The de-
sign of colour and lighting ambiance contributes 
in the practice of their daily activities in their liv-
ing environment. This study postulates a protocol 
of good practices in terms of colour and lighting 
to design a visual environment adapted to the needs 
of these users. The protocol is based on a combina-
tion of chromatic and lighting expertise. Chromat-
ic colour matching based on Natural Colour Sys-
tem tools is combined with a photometric survey 
to characterize the visual environment. These data 
make it possible to establish a protocol used to de-
sign new chromatic ranges applied to new environ-
ments or to evaluate the applicability of the exist-
ing ranges.

Keywords: colour, lighting design, experimen-
tation, evaluation, visual environment

I. INTRODUCTION

Demographic changes, affecting France like 
most developed countries in the world, are marked 
by an aging population. Projections [1] indicate that 
the number of people over sixty is expected to dou-
ble by 2050, representing 22 % of the population. 
According to the same projections, there will be ap-
proximately two billion people aged more than six-
ty years.

In France, projections of the National Institute 
of Statistics and Economic Studies indicate that the 
over sixty will represent 33 % of the population 
by 2060, with the sharp increase in this population 
group resulting from the “baby boomer” phenome-
non [2]. This significant increase will be observed 
until 2035 and will continue thereafter but at a much 
slower pace. Therefore, the problems surrounding 
aging will be major issues in the future and cur-
rently require our attention. For many reasons, ag-
ing can be accompanied by multiple and various 
pathologies, thus affecting the quality of life [3,4]. 
The elderly may experience feelings of insecurity 
or frustration with daily activities that may become 
complicated to implement. Cognitive and visual pa-
thologies, and their inherent symptoms, play an im-
portant role in the emergence of difficulties.

Indeed, cognitive pathologies will generate a 
spatial and temporal disorientation [5,6]. The feel-
ing of insecurity, discomfort, and/or loss of au-
tonomy is then underpinned, especially if prob-
lems caused by visual pathologies add to those due 
to cognitive pathologies. Pathologies such as glau-
coma, cataracts, macular degeneration (AMD), and 
other vision disorders lead to a decrease in the qual-
ity of their visual field, their accommodation, their 
visual acuity, and their perception of contrast. Over-
all, their perception of the environment is impaired 
[7, 8, 9]. Therefore, it is important to adapt the envi-
ronment of the elderly to these various pathologies 
and their potential consequences on the habits of the 
elderly concerned. In fact, being disoriented, no lon-
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ger recognizing space, or not identifying obstacles 
can be conditions that accentuate the risk of falls, 
incapacity, or the fear of not being able to move as 
before.

However, it is possible to prevent or eliminate 
these situations, especially by changing the visu-
al environment, whether it concerns an existing or 
a future living environment [10]. Studies by Kutas 
[11], O’Connor [12] and Yamagishi [13] demon-
strate the importance of lighting and colours. Their 
results show that we can improve the visual perfor-
mance of the elderly through quality lighting and 
also give them comfort, both physical and psycho-
logical. The results also indicate a need to adapt de-
vices, because the requirements are different for the 
elderly, particularly those related to aging of the vi-
sual system. By reconciling the quality and quanti-
ty of light, level of contrast, and chromatic schemes 
thought by and for the elderly, we obtain light and 
colour ambiance suitable to their needs and desires.

2. DESIGN

The design of these chromatic schemes (Fig. 1.) 
is inspired by the work of Frederic Tate [14], Mar-
garet Calkins [15], Linda Adler [16], Maurice 
Déribéré [17], and Argos Company [18].

The study by Tate suggests a preference of the 
elderly for light colours, some of which are predom-
inantly preferred, in the order green, blue, red, pink, 
and orange. It also refutes the preconceived ideas 
that favour monochromatic sets and shows instead 
that it is necessary to combine colours. The study by 
Calkins suggests that it is best to avoid combining 
colour shades that are too similar because it is dif-
ficult to distinguish between them while establish-

ing certain preferences common with Tate’s study. 
It also demonstrates that it is beneficial to com-
bine light and dark colours for better discrimina-
tion. The study by Adler supports the above find-
ings by showing a preference for light colours and 
also suggests that a combination of light and dark 
colours offers an opportunity for better discrimina-
tion, owing to their contrast. In his book, Déribéré 
presents the most appropriate luminance indices 
to use for designing harmonious and visually com-
fortable chromatic ranges, and the Argos company 
guide presents the optimal levels of contrast, calcu-
lated between two colours and their luminance in-
dices, to design environments especially adapted 
to visual impairments of the elderly. The results thus 
take into account both the needs of the elderly, asso-
ciated with the visual pathologies mentioned earlier, 
and their chromatic preferences. So, we hypothesize 
the preferences as follows:

1. Light shades should be used for large areas 
such as ceilings, walls, and floors. Dark colours 
should be favoured for small surfaces such as join-
ery elements in order to offer an optimal contrast 
between different elements constituting the space.

2. The ranges must be based on a three colour 
model, so as not to produce a visual information 
overload while avoiding creating a visual monotony.

3. Attention should be paid not to multiply the 
shades of greens or blues, and especially light blues 
within the same range, taking into consideration the 
yellowing of the eye lens in the elderly, which dis-
turbs the reading of colours.

4. Nevertheless, studies have shown that green, 
and preferably light green, is a popular colour. This 
is also the case for light blue, red, and shades of 
pink and orange.

Fig. 1. Criteria 1; 6; 7 
for creating a chromatic 
scheme
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5. However, yellow should not be a major co-
lour constituent in the chromatic ranges because it 
would result in an absence of contrast with lighter 
spatial elements owing to a vision that may already 
be yellowed.

6. Thus, each colour comprising the chromatic 
ranges must correspond to particular luminance fac-
tor, ranging between 0.6 and 0.75 for light colours, 
between 0.15 and 0.30 for dark colours, and 0.9 for 
the colour used for the ceiling.

7. The value of this contrast, considering here 
the contrast of luminance, between two juxtaposed 
colours, must be equal to 70 % to allow an optimal 
visual discrimination.

2.1. Experimentation

We proceed with an experimental and empirical 
construction method [19], without first match Nat-
ural Colour System (NCS) colour range to existing 
surface colour in the environment. The design of 
the chromatic ranges combines chromatic knowl-
edge and scientific assessments to allow identifica-
tion of the most appropriate combinations. The first 
phase of optical experimentation is carried out using 
the NCS indexes 1950 Original and NCS box colour 
samples to produce visually satisfying colour com-
binations. Natural colour system (NCS) is a colour 
classification and referencing system based on hu-
man visual perception. It is now used for common 
inter-industrial communication through intuitive 
and universal coding. Each selected colour is then 
measured using a portable integrating sphere spec-
trophotometer (CM 2300d Konica Minolta), using 
illuminant D65, corresponding to daylight at noon 
and having a colour temperature of 6500 K. The re-
sults are expressed in L*a*b colour model, which 
allows us to identify the luminance factor of indi-
vidual colours. These luminance factors allow us, if 

necessary, to modify our colour selection so that it 
responds to the luminance factors mentioned in the 
Fig. 1 above. The contrast values are then calculat-
ed according to equation (1) [19], and colours will 
be selected again until chromatic ranges with con-
trast values corresponding to the preset settings are 
obtained.

1 2 %   1 00.
1

L LContrast
L
−= ×  (1)

In this equation, L1 and L2 correspond to lumi-
nance of two juxtaposed colours within the range. 
L1 represents the luminance of the lightest colour 
and L2 represents the darkest colour. It is this ratio 
between L1 and L2 that makes it possible to obtain 
the value of contrast. The design of these chromatic 
ranges is carried out in four phases, meeting the sev-
en criteria previously stated. We begin by determin-
ing the organization of colours in relation to each 
other (criterion 1). We then select the colours that 
will generate the preferred chromatic environment 
(criteria 2; 3; 4; 5). The choice of these colours is 
refined by adjusting their saturation and brightness 
with regard to their luminance factors (criterion 6). 
Finally, the contrast calculations make it possible 
to quantitatively finalize the decision process (cri-
terion 7).

2.2. Proposed Chromatic Ranges

The chromatic ranges presented in Fig. 2 are the 
result of multiple combinations done to meet the 
chromatic requirements and different luminance 
factors and contrast values. The two examples have 
been produced by combining the seven criteria that 
make up the repository presented above, and they 
show that it is possible to design different ambianc-
es using colours with a high luminance factor. Such 
colours allow for greater visual discrimination than 

Fig. 2. Chromatic 
representation of 
ranges 1 and 2
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colours with lower luminance factor. In both rang-
es in Fig. 2, the same colour is used for the ceiling 
because of its ability to adapt to different chromatic 
conditions that could be experienced.

In addition, some contrast values higher or low-
er than 70 % can be observed, but they are accept-
able because a difference of ≤2 % is considered 
negligible. Indeed, at such levels of contrast, the hu-
man eye cannot perceive such an insignificant dif-
ference [20]. Table1 shows the different luminance 
indices of each colour as well as the contrast val-
ues that constitute the presented ranges. These chro-
matic ranges are examples of results obtainable by 
using the above experimental method. Using these 
ranges is recommended for the design of visual en-
vironments adapted for the elderly with visual and/
or cognitive pathologies. The various colours used 
and the different levels of contrasts obtained make 

it possible to create a visual signage, which gener-
ates visual cues necessary for recognition of space.

3. EVALUATION

This method of designing appropriate colour 
ranges is not only a design method but also an eval-
uation method. We can diagnose the relevance of 
existing ranges based on the previous model. We 
identify the indices of each colour and then calculate 
the levels of contrast. This allows us to check if they 
comply with the levels recommended previously.

3.1. Materials and Methods

We carried out in a situ study (Fig. 3) at the 
geriatric day hospital of Robertsau, Strasbourg, 
France. The purpose of the study was to identify 

Table1. Numerical Values Associated with Chromatic Ranges 1 and 2

NCS codification L * a * b Luminance 
factor Contrast%

Colour Range 1

Ceiling S0500-N 94*0*2 0.94
75 %

Door Frame S7020-R10B 23*15*1 0.23
68 %

Wall S2020-Y70R 72*13*14 0.72
71 %

Plinth S8505-R20B 21*-2*-2 0.21
70 %

Floor S3005-R80B 70*-1*-3 0.70

Colour Range 2

Ceiling S0500-N 94*0*2 0.94
76 %

Door Frame S8505-R20B 22*5*-2* 0.22
70 %

Wall S2010-G10Y 74*-13*10 0.74
68 %

Plinth S8010-R90B 24*-2*-8 0.24
68 %

Floor S2020-Y20R 74*6*25 0.74

Fig. 3. Panoramic view 
of the waiting room 
area in situ study topic
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the environmental factors (colour and light) condu-
cive to the medical management of elderly patients 
with cognitive disorders. The study was carried out 
in two phases, a chromatic survey and a lighting 
survey.

The chromatic survey using the NCS tools al-
lowed us to identify the different colours that com-
prise the chromatic palette of the space. We calcu-
lated the luminance factor of each colour by using 
the L*a*b colour model as before, coupled with the 
computation of the contrast values of the identified 
ranges. The ranges discussed until now were sub-
ject to vertical reading from floor to ceiling, repre-
sented by segments A, B, C, and D in Fig. 4. As part 
of the present study, we used an additional read-
ing dimension, a horizontal reading represented by 

segments 1, 2, 3, and 4 in Fig. 4. This allowed us 
to consider chromatic combinations not only in iso-
lation but also in the context of a 360° view space 
environment.

The lighting survey was carried out at markers 
A, B, and C shown in Fig. 3. An average of the re-
sults obtained at these three points was considered 
in Table 3. In addition, the assessment was made at 
three different times of the day (morning at 10:00, 
early afternoon at 14:00, later afternoon at 17:30) 
to measure the light amplitude.

A colorimeter (Konica Minolta CL-70F) was 
used to establish the illumination and colour tem-
perature of the ambient light for each of the time 
markers. These surveys were conducted on March 
19 and 20, 2018, under overcast conditions. When 
we carried out the survey, the artificial lights were 
turned on, but we did not have the information re-
garding its technical properties. Unlike the lighting 
survey, the chromatic colour survey was performed 
only at a single time point because it is quantita-
tive and non-perceptual data collection, in view of 
a correlation with a reference frame. We are inter-
ested in colour as a quantifiable surface object and 
not as a perceptual element influenced by temporal 
elements.

OBSERVATION

The different ranges and chromatic combinations 
presented in Fig. 5 are the results of the in situ chro-
matic survey, based on the individual readings of 
segments A, B, C, and D and 1, 2, 3, and 4 in Fig. 4. 
They present the combinations that make up the 
space and generate its general chromatic ambiance.

These colour combinations create a dynamic am-
biance. Indeed, the use of complementary colours, 
such as the yellow accompanied by the two blues, 
stimulates the eyes. However, the presence of a neu-

Fig. 5. Chromatic representation of the in situ ranges A, B, 
C, D and combinations 1, 2, 3, 4

Fig. 4. Reading direc-
tions representing the 
chromatic ranges and 
combinations of Fig. 5
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tral shade such as beige helps not to tire the eyes. 
This combination creates a space that balances stim-
ulation and relaxation of gaze. The succession of 
complementary colours allows us to create a rhythm 
and generate a warm atmosphere by using predomi-
nantly warm colours supported by colder minor co-
lours. The chromatic distribution allows organizing 
the space. Every colour that is used helps to create 
visual cues.

The yellow (chromatic range A, Fig. 5) defines 
the dining space, the dark blue (chromatic range C, 
Fig. 5) defines the TV/rest space, and the light blue 
(chromatic range D, Fig. 5) defines the space of 
contemplation towards the outside.

This repartitioning allows delineation of the 
space according to activities and thus, allows the 
patients to locate themselves more easily according 
to their needs. Table 2 presents quantitative results 
such as average luminance factors 0.68 for large ar-
eas (wall, floor), 0.77 for small areas (door frame, 
plinth), and 0.94 for the ceiling, and average con-
trast rates, 14 % in vertical reading and 32 % in hor-
izontal reading.

Because of these different ranges, it is possible 
to generate a harmonious and dynamic chromat-
ic environment conducive to visual stimulation and 
creation of spatial reference points for patients, as 
noted during our field study.

Table 3 presents the results of the lighting sur-
vey showing average illumination levels of 580 lx, 
which is approximately three times higher than the 
levels established by the European standard NBN 
EN12464–1 [21] equivalent to 200 lx.

The above standard is not specific to the elderly 
but calculated to meet the needs of an average ob-
server. It could be assumed that the minimum val-
ue recommended by this standard is not sufficient 
for the elderly, because the illuminance values col-
lected on site (Table 3) satisfied the visual comfort 
requirements of the patients there. However, a stan-
dard value for illuminance cannot be predicted on 
the basis of these values and it is difficult to deter-

mine whether these values are optimal for the de-
sign of a visual environment suitable for the elderly.

The illuminance values presented in Table 3 
were observed as a result of LED lighting that sup-
plemented the incoming natural light, owing to the 
large glazed area which benefits the space. This dis-
tribution between natural and artificial lighting is 
easily identifiable during the day by means of the 
outline of the spectra presented in Fig. 6, typical 
of a conjunction between a relatively regular pat-
tern peculiar to natural light and a peak in the blue 
light characteristic of LED lighting. The latter peak 
is mostly observed in the morning, which indicates 
that the natural light is less prominent in the morn-
ing than during the rest of the day. Artificial light-
ing compensates for the low illumination and thus 
helps to maintain equivalent levels of illuminance 
throughout the day. In addition, as depicted in the 
Kruithof diagram in Fig. 7, [22], colour tempera-
tures correlated with all illuminance values appear 
in the recommended comfort zone. Two of the three 
colour temperatures are even close to the threshold 
that can be described as too cold for an average ob-
server. However, as per data collected by us in the 
field, people prefer more cold lights, which suggest 
that the illuminance values depicted in the diagram 
do not satisfy the visual comfort requirements of el-
derly patients.

Fig. 6. In situ light 
spectra

Fig. 7. Kruithof diagram and correlation of in situ illumi-
nance measurements
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4. RESULTS

The first phase of our study showed us that based 
on the existing literature it is possible to design 
chromatic scales suitable for the elderly. In theo-
ry, they meet the needs and requirements of the el-
derly and satisfy their visual comfort if we comply 

with the levels of contrast and precise luminance in-
dices. We then measured existing on-site chromat-
ic scales using the same method as in the design 
phase (identification of luminance indices and cal-
culation of contrast levels). However, we observed 
a difference between the in situ chromatic scales 
and the theoretical chromatic scales conceived from 

Table 2. Numerical Values of Ranges A, B, C, and D and Combinations 1, 2, 3, and 4

NCS codification L * a * b Luminance factor Contrast%
Vertical reading

Elements common to all colour ranges
Ceiling S0500-N 94*0*2 0.94

7 %
Door frame S1010-Y30R 87*4*17 0.87

Plinth S2030-R90B 66*-8*-20 0.66
15 %

Floor S2505-R 78*4*2 0.78
Chromatic range A

Door frame S1010-Y30R 87*4*17 0.87
10 %

Wall S1080-Y10R 78*16*91 0.78
15 %

Plinth S2030-R90B 66*-8*-20 0.66
Chromatic range B

Door frame S1010-Y30R 87*4*17 0.87
11 %

Wall S2005-Y80R 77*4*4 0.77
14 %

Plinth S2030-R90B 66*-8*-20 0.66
Chromatic range C

Door frame S1010-Y30R 87*4*17 0.87
52 %

Wall S4040-B10G 42*-21*-21 0.42
36 %

Plinth S2030-R90B 66*-8*-20 0.66
Chromatic range D

Door frame S1010-Y30R 87*4*17 0.87
26 %

Wall S2040-B20G 64*-8*-20 0.64
3 %

Plinth S2030-R90B 66*-8*-20 0.66
Horizontal reading

Combination 1
S2040-B20G 64*-26*-17 0.64

18 %
S1080-Y10R 78*16*91 0.78

Combination 2
S4040-B10G 42*-21*-21 0.42

45 %
S2005-Y80R 77*4*4 0.77

Combination 3
S1080-Y10R 78*16*91 0.78

46 %
S4040-B10G 42*-21*-21 0.42

Combination 4
S2040-B20G 64*-26*-17 0.64

17 %
S2005-Y80R 77*4*4 0.77
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the existing literature. Indeed, the luminance fac-
tors and contrast levels observed on site did not all 
correspond to the values   observed during the design 
phase. Only the average luminance factors of the 
light colours and the ceiling corresponded. Howev-
er, the average luminance factor of the dark colours 
is three times higher and the levels of contrast are 
on average three times lower than the data obtained 
during the design phase. But these chromatic scales 
are still considered satisfactory because they al-
low visual references to create. Next, we made light 
readings, which showed a disparity between val-
ues that satisfied the visual comfort of the patients 
and values recommended by existing standards and 
recommendations. We found that higher illumina-
tion and lower colour temperatures were more ap-
propriate for older people. In fact, the average il-
luminance was three times higher than the current 
European standard and according to the Kruithof’s 
diagram; two of the three colour temperatures mea-
sured moved away from the optimal comfort zone 
and approached the zone considered too cold.

5. DISCUSSION AND OUTLOOK

This reference system method of design and 
evaluation allow chromatic ranges adapted to the 
needs of the elderly affected by visual and/or cog-
nitive pathologies particularly resulting in a loss of 
spatial orientation to design.

Even if the values   obtained during the design 
phase have been questioned during the in situ eval-
uation phase, they can guide a designer’s work. 
However, it is important to weigh the indices ob-
tained with respect to the general atmosphere and 
the context of application in order to avoid gener-
alities. Moreover, even if these chromatic combina-
tions seem to meet the requirements of the elderly 
users, we must not forget that the choice and prefer-
ence of colors remain chiefly subjective and person-
al. Subjectivity then intervenes as a personal and 
individual manifestation of attraction or repulsion 
for particular colours, guided by a cultural, social, 

and historical baggage of an individual, which be-
longs to the individual alone. Thus, designers com-
pose their colour ranges not only according to es-
tablished recommendations but also by considering 
their own preferences dictated by a baggage that be-
longs only to them. Thus, this methodological ap-
proach emphasizes the complementarities between 
the subjective approach and the measurement-based 
approach.

To proceed using the referential method can be 
appropriate in the context of communal spaces, re-
sponding then to the representative preference of 
the majority, but for domestic use, consideration 
and conception based on individual choice would 
be favoured. Moreover, even if the colour ranges 
meet the requirements of the main users –  the elder-
ly –  we should not overlook the fact that secondary 
users such as care teams –  or more generally, care-
givers –  also encounter these ranges, which may not 
meet their preferences and requirements. This raises 
a question about the adaptability of such chromatic 
projects. Indeed, as the elderly are not the only users 
of their environment, should we design the light and 
colour ambiance only on criteria associated with ag-
ing? It would also be interesting to select the colour 
considering its luminance factor according to a col-
orimetric standard not only at a single moment but 
also generally and subject to a daily context, thus 
undergoing perceptual modifications related espe-
cially to the lighting or to the singular perception of 
the eye of the users. Restoring its moving dimen-
sion, changing to colour and no longer static, would 
play an important role in the overall perception of 
the chromatic scales, considering chromatic com-
binations as a system instead of in an isolated and 
confined manner to the influence of the elements 
that surround them.

Similarly, only a vertical reading of the chro-
matic scales removes them from their surroundings, 
leading to a loss of the overall inclusive reading of 
the space possible in conjunction of a horizontal 
chromatic reading. If we add to this background the 
light dimension of these bright and colourful envi-

Table 3. In Situ Lighting Surveys

Interior light Outdoor light
Illuminance (lx) CCT (K) Illuminance (lx) CCT (K)

10:00 520 5800 3210 8000
14:00 950 5100 3910 5900
17:30 280 5000 1530 6200



Light & Engineering Vol. 28, No. 1

87

ceive, to generate an environment conducive to the 
well-being of every user.

Owing to its results, this study demonstrates 
the importance of designing the visual environ-
ment by adapting it to users. In the case of the el-
derly, the beneficial effects of colour in the design 
of their surroundings can be observed. The results 
allow us to define the premises of new standards, 
conducive to the quality and visual comfort of the 
elderly. They also present the need to develop a 
new European standard, similar to existing ones. 
Development of a specific standard complementa-
ry to existing standards will significantly improve 
the efficiency of current lighting systems to favour 
greater visual comfort.

Thus, this consideration of the colour and 
lighting aspects of spaces generates a systemic 
and trans-disciplinary approach designed for the 
well-being of people, more particularly, the elderly.
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ABSTRACT

A spectrally tuneable colour light source (TCLS) 
has been designed and constructed at Physika-
lisch-Technische Bundesanstalt (PTB), Germany. 
It consists of an integrating sphere with 24 LEDs 
which are driven by a computer-controlled power 
supply. It is intended for producing any visible spec-
tral distribution and to mimic various light sources 
for use in laboratories as a calibration source. With 
the help of an integrated spectrometer, a closed 
loop operation was introduced to improve the per-
formance of the TCLS and to spectrally stabilize 
its output spectrum. Before practical realization of 
the TCLS a series of simulations have been made 
to predict its performance and capability with a 
number of different target spectrums. During the 
practical implementation we have encountered dif-
ficulties, namely optimization of the output spec-
trum, dependency of LED spectra on the electric 
current through the LED and temperature of the 
LED, non-linearity of LED’s luminous flux with re-
spect to electric current through the LED and some 
difficulties with small synthesis coefficient values, 
which were all successfully solved.

Keywords: LED, tuneable colour light source, 
spectral power distribution, LabVIEW

1. INTRODUCTION

Tuneable colour light sources (TCLS) are suit-
able for different purposes and cannot only be 
used for general lighting purpose but also in lab-

oratories for calibrations. These TCLS are actual-
ly multichannel light sources today mostly based 
on a set of different light emitting diodes (LEDs) 
which are able to mimic different spectral pow-
er distributions (SPD). Some tuneable light sourc-
es with different number of LEDs and with adapt-
able spectrum are already commercially available 
for applications in lighting, chemistry research and 
entertainment. The ones for use in general lighting 
are often only capable to produce white light with 
different correlated colour temperature [1] and 
comprise two to four different LEDs. Multichannel 
LED sources are also used for different chemical 
tests and measurements. They usually comprise 
four to eight different monochromatic LEDs with 
peak wavelengths distributed across the visual part 
of the spectrum. For stage lighting also multichan-
nel LED light sources (spot lights) are used with 
single colour LEDs and white light LEDs. Com-
pared with tuneable colour light source for labora-
tory use and the calibration of photometric instru-
ments, such devices often have a lower number of 
different LEDs and they do not include spectrom-
eters for real time measurements of the output 
spectrum. Measurement of output spectrum and 
“closed loop” operation provides the ability to reg-
ulate and stabilize the TCLS calibration source 
output spectrum, which is a critical property for a 
source used for calibrations. The ideal TCLS cali-
bration source should be able to simulate any want-
ed light source with defined spectrum, which then 
can be used for calibrations of photometric mea-
suring equipment.
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It is important that the TCLS calibration source 
produces various SPDs with defined photometric 
or colorimetric parameters, namely luminance, cor-
related colour temperature (CCT), colour coordi-
nates (x, y) or colour rendering index (CRI). Real-
ization of illuminants with different SPDs by just 
one light source is making calibration of equipment 
of different SPDs much easier and more economi-
cal. Beside realization of SPDs of real light sourc-
es TCLS calibration sources offers also the abili-
ty to realize only theoretically defined illuminants.

The TCLS calibration source based on an in-
tegration sphere with 24 entry ports for LEDs has 
been developed at PTB, Germany. The built TCLS 
calibration source is mainly intended for calibration 
of different instruments and measuring equipment 
at various spectra [2]. In this paper we describe the 
control program we use to control the TCLS cali-
bration source and problems that occurred during 
development. Most problems resulted from the 
practical application of the developed optimization 
method and the properties of real LEDs, which do 
not change linearly over time and electric current. 
The paper also shows the performance of the devel-
oped TCLS calibration source.

2. CONTROL OF OUTPUT SPECTRUM

The idea of the TCLS calibration source based 
on larger number of LEDs used to produce any 
wanted spectrum. The basis of the TCLS calibration 
source is an integrating sphere equipped with many 
ports for multiple LEDs installed in a circle around 
the output port. As the LEDs are baffled and only il-

luminate the back of the sphere, no direct light can 
leave the sphere, Fig. 1. LEDs are connected to the 
multi-channel DC power supply where each indi-
vidual LED or group of identical LEDs is connected 
to one of the channels. The DC power supply is con-
nected to the controlling personal computer (PC) 
via GPIB bus, which enables to control each chan-
nel’s current separately. The circle of LEDs around 
the output port of the sphere ends with a spectrom-
eter fibre input port. Also the used spectrometer 
is connected to the controlling PC via USB. The 
TCLS calibration source is controlled with a pro-
gram written in LabVIEWTM environment.

Since the TCLS calibration source is intended as 
a luminance source with an adjustable spectrum, it 
is very important that the current of each LED can 
be set individually. An internal output coefficient Ki, 
where i is the number of specific LED, is used with-
in the control program to describe the individual 
settings, which is based on the ratio of the luminous 
flux at a given current setting with respect to the 
luminous flux of the LED at its nominal electrical 
current. The value of Ki is in a range from 0 to 1. In 
this way, the contribution of each LED to the over-
all light output of the TCLS calibration source can 
be described.

The procedure to calculate the needed 24 co-
efficients Ki for the wanted synthesized spectrum 
consists of a few steps. The goal of the program is 
to adapt the output spectrum, which is measured, 
as close to the target spectrum as possible. In a first 
step, the wanted spectrum is loaded into the pro-
gram as “target” spectrum and program tries to find 
a “best fit” with the premeasured spectra of the 
LEDs which are installed in the TCLS calibration 
source. Because the total light output of the TCLS 
calibration source should be adjustable to be adapt-
ed to the wanted luminance without changing in the 
shape of the spectrum, the target spectrum is nor-
malized to 1. The control program provides the pos-
sibility to set the number of LEDs to be used for the 
synthesis of target spectrum and its nominal cur-
rents. After that, the control program starts measur-
ing the spectra of the used LEDs. With the known 
target spectrum and individual premeasured spectra 
of the single LEDs, synthesis coefficients are calcu-
lated according to shape a synthesized spectrum as 
close to the target spectrum as possible.

To be able to produce a light source with any 
wanted spectrum, the TCLS calibration source was 
equipped with 22 monochromatic LEDs and two 

Fig. 1. Tuneable colour light source for calibration purpose: 
on the left is the sphere with LEDs around the output port; 

on the right is the 24 channel DC source of power
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additional white LEDs (warm white LED and cool 
white LED), whose spectra can be seen in Fig. 2. 
The LEDs were chosen so that their SPDs are even-
ly distributed throughout the whole visible part of 
the light spectrum from 380 nm to 780 nm. Such 
distribution allows to synthesizing a continuous out-
put spectrum.

The warm white (WW) and cold white (CW) 
LEDs were added to the set because of a lack of 
LEDs with appropriate peak wavelength (WL) in 
the spectral range around 550 nm. The peak wave-
lengths and relative powers of corresponding LEDs 
are shown in Table 1 where the white LEDs are rep-
resented by the 23rd and 24th LED. Relative out-

puts (relative powers) at peak wavelength in Table 1 
were used for better understanding of different pow-
er outputs of LEDs. Spectra of all LEDs are scaled 
according to the one with the maximum power out-
put. Since LEDs with peak WL from 650 to 780 nm 
have really low output compared to other LEDs, the 
total luminous flux output of the TCLS calibration 
source may be very low for some synthesized spec-
tra with large component of light with longer wave-
lengths (red part of a visible spectrum).

3. OPTIMIZATION METHOD

The optimization process is, in this case, an auto-
mated procedure to control the chosen set of LEDs 
in order to find the ideal combination of LEDs and 
their respective driving currents to synthesize re-
quested target spectra. A common (synthesized) 
spectrum of all 24 LEDs is optimized so that the 
output spectrum at the port of the sphere is as close 
to the target spectrum as possible. The optimization 
criterion is based on a sum of the squared differenc-
es between the spectrum of the TCLS calibration 
source and the target spectrum at a single wave-
length (with 1 nm step) that needs to be minimized 
(least squares optimization). The so-called synthesis 
error can be described by the equation

( ) ( )( )2
,errS b a dλ λ λ= ∫ −  (1)

Table 1. Peak WL (nm) and Relative Power of the Chosen 24 LEDs

LED Peak WL /nm Relative power LED Peak WL /nm Relative power

1 380 0,042 13 599 0,116

2 388 0,361 14 628 0,648

3 405 0,463 15 654 0,069

4 424 0,900 16 666 0,099

5 431 0,943 17 692 0,086

6 456 0,645 18 707 0,071

7 466 1 19 721 0,058

8 492 0,500 20 739 0,044

9 498 0,341 21 762 0,023

10 513 0,213 22 774 0,018

11 531 0,131 23 (WW) 572 0.0339

12 590 0,390 24 (CW) 451 0.1516

Fig. 2. Spectra of the LEDs set used in the TCLS calibra-
tion source, with 22 monochromatic LEDs and 2 white 

LEDs as measured by the control program of TCLS at their 
nominal current; spectra are normalized to the spectrum of 

the most powerful LED
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where a(λ) is the measured spectrum of the TCLS 
calibration source and b(λ) is the target spectrum. 
The value of Serr can also give us an estimation of 
the quality of the spectral match of the TCLS cali-
bration source output spectrum with respect to the 
target spectral distribution.

There are a lot of research papers related to the 
topic of tuneable colour light sources based on 
LEDs and how to fit the synthesized spectrum as 
close to the target spectrum as possible. To satis-
fy mentioned condition two different approaches 
are possible, namely through a trial or through an 
approximation. Fryc et al. [3] proposed a tuneable 
light source using LEDs where the optimization (fit) 
of the spectrum was done with a simple but slow it-
erative procedure, whereas Wu et al. [4] introduced 
the pruning process where optimization is done by 
removing LEDs to find an optimal set of LEDs. 
Most of the methods in papers are based on Gauss-
ian optimization method, which is used to solve 
non-linear least squares problems with minimizing 
the sum of squared function values. In our case, we 
also use Gaussian optimization to minimize the sum 
of squared differences between the measured syn-
thesized spectrum of the TCLS calibration source 
and the target spectrum, as it gives the smallest dif-
ference between these two spectra. Synthesis co-
efficients (Ki), which are calculated during the op-
timization procedure, together form a synthesized 
spectrum that comes closest to the target spectrum. 
Unfortunately, basic Gaussian optimization method 
can return results where some values of Ki become 
negative. As the synthesis coefficients Ki represent 
the luminous flux of each LED, where the luminous 
flux cannot be negative, a synthesized output spec-
trum cannot be realized with negative coefficients. 
Therefore, what is needed is a method that takes 
into account other constraints besides minimizing 
the sum of the squared differences, namely that cal-
culated values of all coefficients Ki to be positive or 
equal zero. Lawson and Hanson [5] described a pro-
cedure of a non-negative least squares (NNLS) op-
timization method, which is proved to be an optimal 
solution for a non-negative problem with certain in-
equality constrains. Bro and De Jong [6] proposed 
a fast non-negativity-constrained least-squares al-
gorithm, which is based on the standard NNLS al-
gorithm in [5], whereas Cantarella and Piatek [7] 
announced a freely available C implementation of 
sparse constrained least-squares problem.

Due to the fact that we can only accept positive 
values (or values equal to zero) as a suitable solu-
tion of Gauss optimization method, we tested the 
NNLS method which does take into account con-
strain of the positive (or zero) synthesis coefficient 
values. Firstly, we tested number of different meth-
ods as well as the NNLS method in simulations 
where we used actual measured spectra of LEDs 
from the TCLS calibration source. As NNLS meth-
od gave the best results for all tested target spec-
tra, we decided to implement it in the LabVIEWTM 
environment used to control the TCLS calibration 
source.

The optimization method based on NNLS is de-
fined by statement:

 Minimize ||Ax–b||, subject to x ≥ 0
where A is the ×m n  matrix with m ≥ n; b is the m 
element data vector and x is the n element solution 
vector; A solution for the equation Ax ≈ b must be 
found, where x ≥ 0. Entries of the matrix A are the 
components of the sampled SPDs of the measured 
LEDs, where n is the number of LEDs and m=401 
is the size of the sampled SPD vector with 1 nm step 
in range from 380 nm to 780 nm. The target spec-
trum is sampled in a vector b with the same size 
m=401 as matrix A.

Lawson and Hanson in [5] described the algo-
rithm in nine steps. The procedure starts with setting 
all elements of x to zero, creating set Z, containing 
all indices, and an empty set P. In the main loop the 
gradient vector w is calculated with the current val-
ue of x using the equation

( ).= −Tw A b Ax  (2)

If Z is empty or if all elements of w with indi-
ces in Z have values ≤ 0, the solution is found and 
the procedure terminates. Otherwise in the next step 
the maximum element of w is moved from set Z 
to P. If any of the elements have negative values, 
only a fraction of Z can be accepted as a trial solu-
tion. Therefore, in the next step one need to find an 
index q such that the expression

( )−
q

q q

x
x z

 (3)

is the minimum of all such expressions for negative 
elements of Z. For this q call the expression for α so, 
that the linear sum can be calculated (4).
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( )α= + −x x z x . (4)

In the final step all indices for which the corre-
sponding elements of x is zero, are moved from set 
P to Z. These will include xq, but may also include 
other elements as well. When the procedure con-
verges, the set P provides a vector of the synthe-
sis coefficients. The procedure is also described in 
more details in [8].

4. PROBLEMS WITH REALIZATION 
OF TCLS IN PRACTICE

The main question that arises with the realiza-
tion of the TCLS calibration source and in partic-
ular the optimization procedure in practice is, how 
calculated luminous flux percentages defined by op-
timization coefficients Ki can be converted to the re-
quired electrical current through the LEDs. The im-
plemented NNLS method uses measured spectra of 
LEDs for calculation of Ki. Each Ki represents the 
required amount of luminous flux of one particular 
LED at its nominal current. Unfortunately, the lu-
minous flux is mostly not linearly dependent on the 
electrical current through the LED, so Ki cannot be 
directly used to calculate the required LED current 
from its nominal one. To calculate the LEDs current 
properly, the dependence of LED’s SPD for increas-
ing driving currents needs to be taken into account. 
One example of such dependence is given in Fig. 3.

The changes of the LEDs electric current will 
also affect the p-n junction temperature, which con-
sequently leads to a change in LEDs SPD. Such a 
change of the SPD will shift the LEDs peak wave-
length depending on the individual current and 
hence, will also change the colour of the emitted 
light. However, as only a very small peak wave-
length shifts of the LEDs used in TCLS calibration 
source were detected, a procedure that takes such 
shifts into account was not integrated in our opti-
mization procedure. Instead, an additional feed-
back control procedure was integrated in the Lab-
VIEWTM program, which, apart from maintaining a 
stable output of the TCLS calibration source, is also 
capable to eliminate the relatively small impact of 
LEDs wavelength shift on final output spectrum. In 
future, if the used LEDs will be replaced with LEDs 
providing higher output power which also causes 
larger wavelength shifts, a procedure within the al-
gorithm for taking such shifts into account will be 
necessary. An example of LED’s peak wavelength 
shift can be seen in Fig. 4.

To determine the dependency of the LED lumi-
nous flux on the electric current more than one mea-
surement of the LED SPD need to be done. The 
control program of the TCLS calibration source, 
therefore, uses 10 measurements of each LED at 
different currents from 10 % of the nominal current 
(Imax) up to 100 % of Imax in 10 %-steps. The pro-
gram starts with the first LED, whose current takes 
up a preset value of 10 % of Imax, and proceeds with 

Fig. 3. Dependence of amplitude of the LEDs spectrum for 
increasing currents. Legend represents the percentage of 

the nominal current, which was used to measure SPD in the 
same colour

Fig. 5. Amplitude of the LED SPD of at different relative 
currents with respect to the nominal current; the dotted line 
shows a linear extrapolation of the initial linear behaviour 

below 10 % of the nominal LED current

Fig. 4. Example of dependency of LED spectrum ampli-
tude and peak wavelength on increasing current; legend 

shows the percentage of the nominal current for each SPD 
and dashed red line marks the shift of peak wavelength
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the second LED and then the third LED and so 
forth. After the last LED in the set measurement, the 
current increases by the value preset of 10 %. The 
program carries out nine increases of currents and 
therefore 10 measurements of SPDs of each LED.

If we use the amplitude of the SPD at the peak 
wavelength as a measure of the LED luminous flux, 
its dependence on the current through the LED can 
be shown in a graph similar to the one given in 
Fig. 5. To include this dependency into the control 
procedure of TCLS calibration source it needs to be 
expressed by a mathematical expression. It was 
found that the current –  flux dependency can be ap-
proximated by a polynomial curve. In most cases a 
3rd order polynomial curve represents the measured 
dependency with sufficient accuracy.

Using the determined dependence between the 
luminous flux and the electrical current of the LED, 
as shown in Fig. 5, the required electric current for 
the required luminous flux for each LED can be cal-
culated from synthesis coefficients (Ki) previously 
calculated by the optimization procedure for the tar-
get spectrum. However, before correcting the syn-
thesis coefficients Ki it must be checked whether the 
values of Ki are large enough to ensure the optimal 
total luminous flux output of the TCLS calibration 
source. The synthesis coefficients Ki of each LED 
represent the required LED luminous flux, where 
the coefficient equals one for the luminous flux at 
a nominal electrical current. If the value of coeffi-
cient is too small, e.g. smaller than 0.05 to 0.1, the 
LED will typically not turn on due to low forward 
voltage. To prevent such small values and to ensure 
the optimal total luminance of the output port of the 
TCLS calibration source, all LEDs are normalised 
according to the LED with the largest required lu-
minous flux value to achieve the target spectral dis-
tribution. The electric current for the LED with the 
largest synthesis coefficient Ki is set to its nominal 
electric current and the currents through the oth-
er LEDs are scaled accordingly. At the same time, 
the target spectral distribution is also scaled by the 
same value to be able to compare target and output 
spectrum. If some of synthesis coefficients Ki be-
come smaller than required to turn on the respective 
LEDs, these LEDs are excluded from the set of used 
LEDs for this particular target spectrum and the op-
timization procedure has to be started again to ob-
tain new “best fit” without the excluded LEDs.

Because of temperature fluctuations and aging, 
the output of the TCLS calibration source, name-

ly the spectra distribution at the sphere output port 
as well as the SPDs of the individual LEDs, can 
change with time. In order to diminish the men-
tioned impacts, an additional regulation procedure 
was added to the control program. It is a simple it-
erative optimization process, which tries to mini-
mize the synthesis error Serr by small changes in the 
electrical current through each LED. With this pro-
cedure the output of the TCLS calibration source 
stays stable and it turns out that in some cases Serr 
get even slightly better (smaller). This is mainly a 
result of the possibility to perform a closed loop 
feedback control using the implemented spectrome-
ter, which is the major advantage compared to other 
commercial tuneable colour light sources. In a first 
step, this additional feedback procedure increases 
the current through the LEDs one by one for a set 
value in between 1 % to 5 % of the nominal current. 
The size of the step can be set in a control program. 
After the current of a single LED is increased, the 
output spectrum is measured by the integrated spec-
trometer and the synthesis error Serr is recalculated. 
If the obtained value of Serr is improved, the cur-
rent change for this LED is kept for future. If val-
ue of Serr worsened, the current is set to its origi-
nal value. Then the feedback procedure continues 
with the next LED. After all LEDs are checked in 
this way, the feedback procedure starts again with 
the first LED to try to improve the value of Serr. If 
an increase of the current did not result in better Serr 
in previous round, the current of the LEDs will be 
decreased by a set value in the next feedback loop. 
In this way, slight changes of the LED currents in 
both directions are put into effect to improve the 
match between the spectral power distribution of 
the TCLS calibration source and the target spectrum 
and to keep the TCLS calibration source stable even 
if the operating conditions and performance of sin-
gle LEDs of the TCLS calibration source are slight-
ly changing.

Hence, the control program of the developed 
TCLS calibration source is composed of three 
sub-routines. After starting the control program, the 
target spectrum is loaded and the rated currents of 
installed LEDs are queried. The first subroutine de-
termines the characteristic of the luminous flux with 
respect to the electrical current of all LEDs. It starts 
at 10 % of the rated current and continues in 10 % 
steps up to the 100 % level. After all LED are mea-
sured the optimization procedure of the second sub-
routine starts and calculates synthesis coefficients 
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Ki (i.e. a measure of the required currents for the 
LEDs) to synthesize the target spectrum. At the end 
of the optimization process the calculated synthesis 
coefficients are increased linearly so that the largest 
becomes 100 %. This is done to achieve the highest 
possible luminance at the output port of the TCLS 
calibration source for the requested target spectrum. 
At the end of this subroutine the synthesis coeffi-
cients are transformed into the required LED’s elec-
trical currents using the previously measured lumi-
nous flux versus electrical current characteristics. 
Finally, the power supply channels of the TCLS cal-
ibration source are set to proper values and turned 
on. After a warming up period, needed for stabiliza-
tion of LEDs output, the third subroutine takes over 
with the feedback control to continuously measur-
ing the output spectral distribution and trying to im-
prove the match to the target spectrum by slightly 
changing the current through every single LED as 
described above.

5. RESULTS

The TCLS calibration source is designed 
to match any spectral distribution in the restricted 
interval between 380 nm and 780 nm. The match-
ing of the SPDs generated by multiple LEDs to the 
target spectrum is realized using the optimization 
method described in the chapter 3. Due to non-lin-
ear LED characteristics, calculated synthesis coef-
ficients must be properly adjusted for the conver-
sion into the required currents through the LEDs. 
To make this possible through mathematical algo-
rithms, a large number of SPDs measurements for 
LEDs must be performed, which prolongs the time 
of the entire process. To improve the start-up time 
all measured SPDs can be saved and used again lat-
er, e.g. for other target spectra. The realized spec-
tral distributions of the TCLS calibration source 
can be different from the target spectrum distribu-
tion due to limitations in the optimization procedure 

Fig. 6. Target spectrum (blue) and optimized output spectrum (red) for synthesis of Illuminant A (left)  
and D (right) spectra

Fig. 7. Target spectrum (blue) and optimized output spectrum (red) for synthesis of EE05 (left) and OLED (right) spectra

Fig. 8. Target spectrum (blue) and optimized output spectrum (red) for synthesis of RGB (left) and WLED (right) spectra
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as well as due to limitations by the restricted num-
ber of LEDs used in TCLS calibration source, their 
appropriate peak wavelengths and shifts in their ra-
diometric output due to temperature fluctuations or 
aging, etc.

If setup properly with the used procedure and 
with the measured and saved LED’s SPDs at differ-
ent currents, the TCLS calibration source provides 
practically instantly an optimized output spectral 
distribution at the output port of the sphere. Due 
to the spectral feedback control mechanism based 
on periodic measurement of the output spectrum us-
ing a spectrometer, the provided spectrum is kept 
constant during operation. A major advantage us-
ing the implemented spectrometer and periodic real 
time measurements is the possibility and flexibility 
to replace one or more of the LEDs in the set with-
out any additional calculations or changes within 
the LabVIEWTM control program. The whole pro-
cess, starting from the measurement of SPDs of the 
installed LEDs until the synthesis and control of the 
output spectrum is automated.

To show the quality of the synthesized spec-
tra some examples with well-known target spec-
tra are provided. Figs. 6 to 8 show results of the 
optimization and synthesis of six target spectra, 
namely CIE standard Illuminant A spectrum, CIE 
standardized daylight D65 spectrum equal energy 
spectrum (EE05), spectrum of generic OLED, spec-
trum obtained for RGB-LEDs and a spectrum of 
white LED (WLED). For these examples the set of 
LEDs described in chapter 2 was used. All spec-
tra shown were measured with the TCLS integrat-
ed spectrometer.

5. CONCLUSION

A TCLS calibration source was designed to ex-
plore the possibility and use-ability in photometric 
laboratories for calibration of different instruments 
and measuring equipment at various spectra. Be-
side this main task, the developed TCLS calibration 
source may also assist research for new CIE stan-
dard light sources for calibration. Choosing NNLS 
method for optimization of the TCLS calibration 
source output spectrum gave good results and show 
small difference between target spectrum and TCLS 
calibration source output spectrum, although the 
number and types of used LEDs was restricted. Due 
to the integrated spectrometer and iterative proce-
dure described in chapter 4 it was possible to fur-

ther improve the match of the output spectrum with 
respect to the target spectrum. There are still notice-
able differences between both spectra, as shown in 
Figs. 6 to 8, which could be improved in the future 
by using more LEDs for the next generation TCLS 
calibration source.
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ABSTRACT

This paper presents the comparison of LED driv-
er topologies that include SEPIC, CUK and FLY-
BACK DC-DC converters. Both topologies are de-
signed for 8W power and operated in discontinuous 
conduction mode (DCM) with 88 kHz switching 
frequency. Furthermore, inductors of SEPIC and 
CUK converters are wounded as coupled. Applica-
tions are realized by using SG3524 integrated cir-
cuit for open loop and PIC16F877 microcontrol-
ler for closed loop. Besides, ACS712 current sensor 
used to limit maximum LED current for closed loop 
applications. Finally, SEPIC, CUK and FLYBACK 
DC-DC LED drivers are compared with respect 
to LED current, LED voltage, input voltage and cur-
rent. Also, advantages and disadvantages of all to-
pologies are concluded.

Keywords: CUK, FLYBACK, LED driver, 
SEPIC

1. INTRODUCTION

Using power LEDs in illumination has been so 
popular lately due to the high efficiency feature with 
respect to other illumination methods such as fluo-
rescent, incandescent and metal halide bulbs. But, 
to operate power LEDs with different illumina-
tion levels, variable DC power is required. This DC 
power can be supplied by using DC-DC converters. 
Basic DC-DC converters are buck, boost and buck-
boost converters. In buck-boost converter, output 
voltage can be lower or higher than input voltage. 
So, buck-boost DC-DC converter using as a LED 

driver is more attractive. Furthermore, SEPIC, CUK 
and FLYBACK DC-DC converters are also buck-
boost derived topologies and for low power, it is 
better to operate those converters in DCM.

In literature, some studies are conducted this 
topic as follows. Design and analysis of SEPIC, 
CUK and FLYBACK DC-DC converters are given 
in [1–8]. In [9, 10], CUK DC-DC converter based 
LED driver are presented. SEPIC DC-DC converter 
based LED drivers are also given in [11,12] for road 
vehicles and general application. In references [13–
16], FLYBACK DC-DC converter based LED driv-
ers are also proposed as the single and multi-out-
put drivers. AC-DC and DC-DC converters that are 
buck, boost, buck-boost, FLYBACK and half bridge 
are reviewed as a LED driver in [17]. In [18], com-
parison is made for buck-boost, SEPIC and CUK 
DC-DC converters based LED drivers. Another 
comparison is also made in [19] for buck and FLY-
BACK converter based LED drivers.

In this paper, comparison of SEPIC, CUK and 
FLYBACK LED driver topologies are presented. 
Both topologies are connected to DC power supply 
over an input filter and designed for 8W power with 
88 kHz switching frequency. Besides, open loop op-
eration is realized by SG3524 IC and closed loop 
operation is carried out by PIC16F877, and ACS712 
current sensor not to exceed maximum current limit. 
Furthermore, LED voltage, LED current, input side 
inductor voltage and current, input voltage and cur-
rent are measured for all topologies.

The article has the following structure: power 
LED current-voltage characteristic and electrical 
circuit model are included in section 2, LED driver 
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topologies applied are introduced in section 3, ap-
plications of LED drivers are presented in section 4, 
measurement results are given in section 5, and con-
clusions are done in section 6.

2. POWER LED

In this chapter, current-voltage characteristics 
and electrical circuit model of power LED that are 
used for this study are derived by using Fluke 15B 
and Fluke 17B as in [20, 21].

Fig. 1. shows voltage-current characteristic of 
power LED. The characteristic is obtained by in-
creasing voltage of power LED and plotting voltag-
es versus current. It is seen from the figure that LED 
voltage and current has exponential relation and 
LED current increase extremely after LED turns on. 
Also, LED voltage doesn’t change much after and 
up to 0.8 A current [20, 21].

Electrical circuit model of power LED is derived 
by using Fig. 1 and presented in Fig. 2. It is under-
stood by this model that threshold voltage and resis-
tance of power LED are 7.6 V and 4.88 Ω respec-
tively as in [20, 21].

3. LED DRIVER

In this chapter, DC-DC SEPIC, CUK and FLY-
BACK converter based LED drivers are introduced. 
Both drivers are connected to DC supply over an in-
put filter. All these topologies can be operated buck-
boost principle that means output voltage can be 
lower or higher than input voltage. Furthermore, 
input filter is used in order to have current with 
low noise because of the DCM operating condition 
and high frequency switching. In SEPIC and CUK 
converter inductors can be wound as coupled, also 
FLYBACK converter uses high frequency trans-
former that works as an inductor.

3.1. SEPIC DC-DC Converter

Fig. 3. shows the SEPIC DC-DC converter that 
is connected to DC supply by using input filter and 
this converter has two inductors that are wounded as 
coupled and two capacitors. Besides, output voltage 
is the same polarity with the input voltage.

In Fig. 4 circuit of SEPIC converter is shown by 
switching states. To understand operation of SEPIC 

Fig. 1. Voltage-current characteristic of power LED

Fig. 3. SEPIC DC-DC Converter

Fig. 5. CUK DC-DC converter

Fig. 2. Electrical equivalent model of power LED

Fig. 4. Switching state: a) on, b) off

Fig. 6. Switching state: a) on, b) off
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converter and design of passive elements, convert-
er should be analyzed with respect to switch on and 
off position. When S is turned on, L1 is energized by 
power source and L2 is energized by C1, C2 feeds the 
load. When S is turned off, C1 is charged by power 
source and L1, while currents of L1 and L2 flowing 
through D and load, C2 is also charged [2, 3].

SEPIC converter can supply power to load with 
lower or higher voltage with respect to input volt-
age and output voltage is with the same polarity of 
input voltage. Passive elements in SEPIC converter 
can be chosen by using equations (1–3) as in [2, 3]. 
In these equations, L1min, L2min are the maximum in-
ductor values for DCM operation, D is the duty cy-
cle, Vin is the input voltage, fsw is the switching fre-
quency, ΔIL is inductor current ripple, ΔVC1 is C1 
voltage ripple, Iout is the output current, and Vripple 
is ripple on C2.

1 2= = . .
in

min min
L sw

VL L D I f∆ . (1)

2
.

.
out

ripple sw

I DC V f≥ . (2)

Fig. 7. FLYBACK DC-DC converter

Fig. 8. Switching state: a) on, b) off

Fig. 9. Input LC 
series damped filter

1
1

.= .
out

C sw

I DC V f∆ . (3)

3.2. CUK DC-DC Converter

Fig. 5. shows CUK DC-DC converter circuit that 
has also two inductors and two capacitors. Further-
more, inductors in CUK converter are also wounded 
as coupled that means on the same core.

Circuits of CUK converter with respect to switch 
states are shown in Fig. 6. When S is turned on, 
L1 is energized by power source, and C1 discharg-
es over C2, load and L2. When S is turned off, C1 is 
charged by power source and L1, also L2 currents 
flows through D, load and C2 [1, 8].

CUK converter also supplies power with low-
er or higher voltage with respect to input voltage. 
However, output voltage polarity of CUK converter 
is reverse polarity with input voltage.

Passive elements in CUK converter can be cho-
sen by using equations (4, 6) as in SEPIC converter 
[1, 8]. In these equations, L1min, L2min are the maxi-
mum inductor values for DCM operation, D is duty 
cycle, Vin is input voltage, fsw is switching frequen-
cy, ΔIL is inductor current ripple, ΔVC1 is C1 volt-
age ripple, Iout is output current, and Vripple is rip-
ple on C2.

1 2= = . .
in

min min
L sw

VL L D I f∆ . (4)

2
.out

ripple sw

I DC V . f≥   (5)

1
1

.= out

C sw

I DC V . f∆   (6)

3.3. FLYBACK DC-DC Converter

Fig. 7. shows the FLYBACK converter circuit 
that has a high frequency transformer and a capaci-
tor is connected to input supply by input filter. Fur-
thermore, transformer of FLYBACK converter op-
erates as an inductor.

Switch states of FLYBACK converter are shown 
in Fig. 8. When S is turned on, primary winding of 
transformer is energized by power source and C 
feeds load. When S is turned off, energy on prima-
ry winding is transferred to secondary winding and 
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over D secondary current flows through load and C 
[1, 4–7].

Passive elements in FLYBACK converter can 
be chosen by using equations (7, 8) as in [1, 4–7]. 
In these equations, Lmmax is the maximum magne-
tization inductance value for DCM operation, D 
is the duty cycle, RLmin is the minimum load, fsw is 
the switching frequency, Cmin is the minimum out-
put capacitor, Vcpp is voltage ripple on C, Iomax is the 
maximum output current, n is the transformer’s turn 
ratio.

2 2

( )
(1- )= 2.

Lmin
m max

sw

n R DL f .   (7)

.= .
omax

min
sw cpp

I DC f V . (8)

3.4. Input Filter

Fig. 9. shows the input filter circuit that is used 
with SEPIC, CUK and FLYBACK converters. This 
filter is called as LC series damped type input fil-
ter. In this paper, all of the converters are operat-
ed in DCM mode therefore, without using an input 
filter, supply current will be discontinuous. In or-
der to have continuous supply current and to reduce 
high frequency noise LC series damped type input 
filter is used.

Passive elements in input filter can be chosen by 
using equations (9–12) as in [22, 23]. In these equa-
tions, ff is the cutoff frequency of filter, Lf is filter 
inductor, Cf is filter capacitor, R0 is the characteris-
tic impedance of un-damped filter, Rd is the damp-
ing resistance, Cd is the damping capacitor, a is ra-
tio between Cd and Cf. After calculations, values of 
Lf, Cf, Rd and Cd are found as 160µH, 10µF, 2.47Ω 
and 40µF respectively and used in all LED drivers.

1=
2f

f f

f
L Cπ . (9)

0 =  f

f

LR C . (10)

20
(2+ )(4+3 )= 2 (4+ )d

a aR R a a . (11)

= d

f

Ca C . (12)

4. APPLICATION

In this chapter, applications of SEPIC, CUK 
and FLYBACK LED drivers are realized. Fig. 10. 
shows the experimental setup. Both converters 
are connected to input supply over LC input fil-
ter. Furthermore, as a load COB power LED hav-
ing characteristics in Fig. 1 is connected. In applica-
tions, TPS2024B oscilloscope, A622 current probe, 
FLUKE15B, 17B multi-meters are used. Open and 
closed loop applications are conducted by SG3524 
IC and PIC16F877 microcontroller.

4.1. SEPIC DC-DC CONVERTER

In Fig. 11, application circuit of SEPIC based 
LED driver is shown. It is understood that open 
loop operation is realized by SG3524 IC and closed 
operation by PIC16F877 and ACS712. Besides, IR-
FZ44N MOSFET, TC4427 MOSFET driver, Schott-
ky diode 1N5822 are included in the application cir-
cuit. Furthermore, L1, L2 are 18 µH, C1 is the 10 µF 
and C2 is 460 µF [2,3, 24–29].

The duty cycle can be changed by the potentiom-
eter connected to SG3524, PIC16F877 and PWM 

Fig. 10. Experimental setup
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frequency is set to 88 kHz. To reduce high frequen-
cy noise and avoid discontinuous supply current LC 
filter is used. Besides, passive elements are used af-
ter calculations in equations (1–3).

4.2. CUK DC-DC Converter

Fig. 12. shows the application circuit of CUK 
converter based LED driver. This application is also 
realized by open and closed loop algorithm. Fur-
thermore, SG3524 IC or PIC16F877 used for PWM 
signals, IRFZ44N MOSFET, TC4427 MOSFET 
driver, Schottky diode 1N5822 are used in the ap-
plication circuit. Furthermore, L1, L2 are 18 µH, C1 
is 10 µF and C2 is 460 µF [8, 24–29].

The duty cycle can also be changed by the poten-
tiometer connected to SG3524 or PIC16F877 and 
PWM frequency is again used as 88 kHz. By using 
equations (4–6), passive elements are chosen.

4.3. FLYBACK DC-DC Converter

Fig. 13 shows the application circuit of FLY-
BACK converter based LED driver. This applica-
tion is also realized by open and closed loop al-

gorithm. Furthermore, SG3524 IC or PIC16F877 
is used for PWM signals and IRFZ44N MOSFET, 
TC4427 MOSFET driver, Schottky diode 1N5822 
are used in the application circuit. Also, primary and 
secondary windings of transformer are 18 µH and C 
is equal to 460 µF [4–7, 24–29].

The duty cycle can also be changed by the po-
tentiometer connected to SG3524, PIC16F877 and 
PWM frequency is again used as 88 kHz. By using 
equations (7–9), passive elements are chosen.

5. MEASUREMENT RESULTS

LED voltages (VLED), LED currents (ILED), in-
put voltages (Vin), input currents (Iin), PWM signals, 
current and voltage of input side inductors (VL1), 
(IL1) are measured by using TPS2024B oscilloscope 
and A622 current probe for each LED drivers.

5.1. SEPIC DC-DC Converter

In Fig.14, SEPIC DC-DC Converter characteris-
tics are shown which are getting with help from 1 to 
4 oscilloscope channels respectively. LED voltage 
(VLED), input side inductor voltage (VL1) and current 

Fig. 12. Application circuit CUK converter

Fig. 11. Application circuit of SEPIC converter
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(IL1), PWM signal and LED voltage (VLED), diode 
voltage and diode current, PWM signal are shown 
in Fig. 15 a, b respectively. Although, L1 current 
(IL1) shown in Fig. 15a is continuous, in DCM oper-
ation of SEPIC converter L1 current swings from a 
constant current level instead of zero as in [30]. So, 
diode current shown in Fig. 15 b proves the DCM 
operation, diode current decreases to zero and in-
crease from zero current. As a result, it is under-

stood that SEPIC converter is operated in DCM 
with 11.3V LED voltage.

5.2. CUK DC-DC converter

In Fig. 16 CUK DC-DC converter characteris-
tics are presented: a –  LED voltage (VLED), input 
voltage (Vin), input current (Iin), PWM signal and in 
b –  LED voltage (VLED), input voltage (Vin), LED 

Fig. 13. Application circuit FLYBACK converter
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Fig. 14. SEPIC converter: a –  LED voltage (VLED), input voltage (Vin) and current (Iin), PWM signal; b –  LED voltage 
(VLED), input voltage (Vin), LED current (ILED), PWM signal
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current (ILED), PWM signal are shown by 1 to 4 os-
cilloscope channels respectively. It is seen that by 
using input filter continuous supply current is ob-
tained and efficiency is around 83 % at 8W output 
power.

In Fig. 17, LED voltage (VLED), input side in-
ductor voltage (VL1) and current (IL1), PWM signal 
and LED voltage (VLED), diode voltage and current, 
PWM signal are shown a) and b) respectively. As 

described in SEPIC converter, in DCM operation of 
CUK converter L1 current swings from a constant 
current level instead of zero as in [30]. So, diode 
current shown in Fig. 17 b) proves the DCM oper-
ation, diode current decreases to zero and increase 
from zero current. As a result, it is understood that 
SEPIC converter is operated in DCM with 11.3V 
LED voltage.
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Fig. 16. CUK converter, LED voltage (VLED), input voltage (Vin) and current (Iin), PWM signal –a; CUK converter, LED 
voltage (VLED), input voltage (Vin), LED current (ILED), PWM signal –  b
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5.3. FLYBACK DC-DC converter

In Fig. 18 FLYBACK DC-DC converter charac-
teristics are shown by 1 to 4 channels, respectively: 
LED voltage (VLED), primary voltage (VL1) and cur-
rent (IL1), PWM. It is seen that, FLYBACK convert-
er is operated in DCM with 11.3V LED voltage. In 
Fig. 18.b LED voltage (VLED), input supply voltage 
(Vin), supply current (Iin) and PWM signal is also 
shown by 1 to 4 channels, respectively. It is seen 
that by using input filter continuous supply current 
is obtained.

In Fig. 19 LED voltage (VLED), input voltage 
(Vin), LED current (ILED) and PWM signal are 
shown. It can be calculated that efficiency is ob-
tained around 65 % at 8W power.

6. CONCLUSIONS

This paper compares DC-DC SEPIC, CUK and 
FLYBACK converter based LED drivers. All con-
verters are operated at DCM, both open and closed 
loop applications are conducted. Also, LED cur-
rent is measured by ACS712 current sensor in or-
der to limit maximum LED current to prevent dam-
age on power LEDs. By means of the applications, 
LED current, LED voltage, input current, input volt-
age and input side inductor voltage and current are 
measured.

By using the same input filter, SEPIC, CUK and 
FLYBACK LED drivers have 0.1A, 0.08 A and 0.2 
A input current oscillations. Also SEPIC LED driv-
er does not disturb input voltage like other driv-
ers. Furthermore, SEPIC, CUK and FLYBACK 
LED drivers provides current to power LEDs with 
80 mA, 60 mA and 80 mA current oscillations, re-
spectively. Besides, power LED voltage is smooth 
in SEPIC and CUK LED drivers but in FLYBACK 
LED driver, it has small pulsations. Besides, CUK 

converter gives better efficiency that SEPIC and 
FLYBACK converter.

It is observed by the application results, CUK 
and SEPIC LED drivers have similar characteris-
tics but CUK converter gives better results. On the 
other hand, SEPIC converter gives the same polar-
ity output voltage with input voltage that is reverse 
in CUK LED driver. So, if the voltage polarity is 
matters using SEPIC converter is a better solution. 
However, FLYBACK LED driver has an electrical 
isolation because of its high frequency transformer. 
When isolation is required, FLYBACK LED driver 
can also be used.
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ABSTRACT

The article describes the role of polarisation in 
calculation of multiple reflections. A mathematical 
model of multiple reflections based on the Stokes 
vector for beam description and Mueller matrices 
for description of surface properties is presented. 
On the basis of this model, the global illumination 
equation is generalised for the polarisation case and 
is resolved into volume integration. This allows us 
to obtain an expression for the Monte Carlo meth-
od local estimates and to use them for evaluation of 
light distribution in the scene with consideration of 
polarisation. The obtained mathematical model was 
implemented in the software environment using the 
example of a scene with its surfaces having both dif-
fuse and regular components of reflection. The re-
sults presented in the article show that the calcula-
tion difference may reach 30 % when polarisation 
is taken into consideration as compared to standard 
modelling.

Keywords: polarisation, multiple reflections, lo-
cal estimates, Monte Carlo method, Mueller matrix, 
Stokes vector

INTRODUCTION

The development of computers and software 
over the previous decades has led to the fact that 
nowadays design of any lighting installation in-
volves modelling light field of illumination scenes, 
which will be obtained when using the selected 
lighting devices. Calculation of multiple reflections 

(MR) of light from the surfaces of the scene being 
modelled plays a very important role in it.

In lighting engineering, it is common to neglect 
light polarisation phenomena in calculations. Such 
neglect does not lead to a significant error in the re-
sults when it comes to a small number of reflections 
from surfaces with mostly diffuse nature of reflec-
tion. However, if it is necessary to deal with surfac-
es where reflection has a significant regular com-
ponent, the state of polarisation of even completely 
depolarised light will be changed already after the 
first reflection, which will affect the nature of fur-
ther interactions of light with the surfaces of the 
scene.

It is obvious that the light will be depolarised 
again after a sufficient number of reflections. Nev-
ertheless, it is still unknown how consideration of 
polarisation will affect the final result of lighting 
calculation. The existing estimations indicate that 
the difference between the results of convention-
al calculation and those of calculation considering 
light polarisation may exceed 20 % [1]. Once this 
assumption is confirmed it will mean the necessi-
ty to take the state of polarisation into account for 
solving applied problems (such as calculation of il-
luminance in the premises with consideration of 
MR).

The results of a large number of studies by dif-
ferent authors [2–7], which show the sufficient ef-
fect of polarisation on the obtained images of scenes 
when modelling light distribution using their exam-
ple, have been published recently. However, these 
studies do not contain information on how consid-
eration of polarisation affects the obtained values of 
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magnitudes describing the energy performance of 
light radiation. At the same time, it is these magni-
tudes that interest most the specialists whose work 
is related to solving practical problems.

Moreover, the images of scenes presented in the 
works by the said authors show that the form and lo-
cation of glares on the scene surfaces change when 
images are rendered with consideration of polarisa-
tion. Therefore, the state of light polarisation ulti-
mately affects not only quantitative but also qualita-
tive characteristics of light distribution created by a 
given lighting installation.

1. PHOTOMETRIC DESCRIPTION 
OF LIGHT POLARISATION

To select the method of description of light po-
larisation, it is necessary to pay attention to the fact 
that all photometric terms are formulated exception-
ally as observable values. The nature of these val-
ues is determined, in particular, by quadratic charac-
teristics of optical radiation detectors (i.e. response 
to power), finitude of their dimensions and time 
constant [8].

In its turn, the electromagnetic field theory uses 
such values which are impossible to measure direct-
ly by experiment: amplitude and wave field phase. 
Therefore, when describing any wave optics experi-
ment, the necessity to transfer to the photometric in-
terpretation of light field is inevitable [9].

In the authors’ opinion, it means that the lan-
guage of polarisation description which is the most 
corresponding to the processes of radiation mea-
surement by an optical detector includes application 
of a set of four parameters (or, in other words, the 
four-dimensional parameter vector) introduced by 
G.G. Stokes in 1852 in [10]. These parameters de-
scribe light such that, if any beams obtained inde-
pendently of each other have the same values of all 
four components of the parameter vector, they are 
optically equivalent and no experiment allows dis-
tinguishing them [10].

The works [8, 9, 11] show that for purposes of 
photometry the Stokes parameters have dimensions 
of luminance which, in its turn, fully characterises 
radiation. Therefore, the full description of a beam 
shall include a set of four parameters.

It is possible to determine the components of the 
Stokes parameter vector based on the electromag-
netic theory, like it is done in [11], or experimental-
ly by passing the radiation through a set of polarisa-

tion filters [12]. In this case, the said parameters are 
determined based on reactions iJ  of the correspond-
ing optical detectors:

0 0 1 0 1

2 2 0 3 3 0

2 , 2( ),
2( ), 2( )

L J L J J
L J J L J J

= = −
= − = − , (1)

where , 0,3,iJ i ∈  are differ the installed polari-
sation filters:

0J  is a neutral filter with transmission of 0.5;
1J  is an analyser, with its optical axis and the di-

rection of radiation distribution determine the coor-
dinate system –  a reference plane;

2J  is an analyser with axis angle of 45° to the 
reference plane;

3J  is a complex filter consisting of a quar-
ter-wave plate and an analyser with angle of 45° 
to the reference plane.

It should be highlighted that the most important 
characteristic of the Stokes parameters is the coor-
dinate system in which they are defined or the refer-
ence plane; horizontal and vertical positions are de-
fined relative to this plane. The components 1L  and 

2L  depend on selection of the plane while 0L  and 3L  
don’t [12].

For each interaction of light and the environ-
ment, the parameters are calculated relative to a 
new reference plane which is linked with the diffuse 
point and is obtained by turning the previous plane 
about a corresponding angle.

Let us assume that the reference plane ζ  was ob-
tained by turning the previous plane ζ ′  about some 
angle ϕ  relative to the Z axis. Then the following 
expression is fulfilled for the Stokes vectors 

{ }0 1 2 3, , ,L L L L=L  and { }0 1 2 3, , ,L L L L=′ ′ ′ ′ ′L  defined 
relative to ζ  and ζ ′  [13]:

R= ′L L


, (2)

where ′L  is the Stokes vector before interaction; L  
is the Stokes vector after interaction; R



 is the refer-
ence plane rotation matrix or rotator (from the Lat-
in word “rotatio”) which is defined as follows [13]:

1 0 0 0
0 cos 2 sin 2 0

R
0 sin 2 cos 2 0
0 0 0 1

ϕ ϕ
ϕ ϕ

 
 
 =

− 
  



. (3)
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The sign of ϕ  is defined based on the condition 
that the coordinate system associated with the beam 
is right-handed: a positive value of angle ϕ  corre-
sponds to an anti-clockwise turn if looking from the 
side of positive values of the axis .Z

It is worth noting that the following system of in-
dications is used hereinafter:

a , a , a , a  is the column vector;
a , a , a  is the row vector;
â , â , â  is the unit column vector;
a , a , a  is the matrix;
×a b  is the plane generated by vectors a  and b  

with a normal of [ ]ˆ
| [ ] |

×=
×

a bN
a b

.

2. MATHEMATICAL MODEL 
OF MULTIPLE REFLECTIONS 
OF LIGHT WITH CONSIDERATION 
OF POLARISATION

In order to create a mathematical model consid-
ering light polarisation, the authors used the method 
proposed by G.V. Rosenberg in [11] which is based 
on use of the Stokes parameter vector for descrip-
tion of the state of a light beam and Mueller matri-
ces for description of light interaction with a sub-
stance. Let us review this method in detail.

Distributing in some medium, a beam inter-
acts with substance. In cases when electrodynam-
ics equations are linear and homogeneous, the result 
of such interaction may be presented in the follow-
ing form:

, (4)

where ˆ ˆ( , , )ρ ′r l l


 is the 4×4 Mueller matrix which 
describes the effect on the beam caused by the sub-
stance; ˆ ˆ ˆ ˆR( , )× ×′ ′ ′l N l l



 is the matrix of the refer-
ence plane rotation from ˆ ˆ×′ ′l N  to ˆ ˆ×′l l . The plane 
ˆ ˆ×′ ′l N  is generated by direction of the beam af-
ter the previous diffusion and normal of the ele-
ment of the surface on which the previous interac-
tion occurred; ˆ ˆ×′l l  is generated by directions of 
the beams after the previous and the current inter-
actions; ˆ ˆ×N l  is generated by the direction of the 
beam after the current interaction and the normal of 
the element of the surface on which the current in-
teraction occurred.

The result of a row of transformations will 
be obtained by applying the corresponding ma-
trix ,ρ  which is the product of matrices of partial 
transformations:

R Ri i iρ ρ= ′∏
 

 

. (5)

This work studied only the case of light reflec-
tion from scene surfaces with different fraction of 
Fresnel component. That is why below the construc-
tion of Mueller matrices which describe change of 
the Stokes vector only at the interface of media with 
different refractive indexes is presented.

Let us assume θ  is the angle of incidence, i.e. 
the angle between the direction ˆ− ′l  and the vector 
N̂  of normal to the surface (Fig. 1); reflecθ  is the an-
gle of reflection; refracθ  is the angle of refraction.

Direction l̂  of the beam reflected from the inter-
face will be determined as:

ˆ ˆ ˆ ˆ ˆ2( , )= −′ ′l l N l N . (6)

Generally, for reflection from the border of two 
dielectric media, the Mueller matrix ρ  has the fol-
lowing form [13]:

 (7)

where 
2

2

tg ( )
tg ( )

refrac

refrac

θ θ
ρ

θ θ
−

=
+

is the Fresnel reflection 

coefficient for a beam linearly polarised in the in-

Fig. 1. Beam path at the interface of two media
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cidence plane; 
2

2

sin ( )
sin ( )

refrac

refrac

θ θ
ρ

θ θ⊥

−
=

+
 is the Fresnel 

reflection coefficient for a beam linearly polarised 
perpendicularly to the incidence plane.

Both the reflected wave and the refracted wave 
retain polarisation they had before interaction.

In the particular case of normal incidence 
( 0)θ =  , when the reflection coefficient does not 
depend on polarisation, the matrix ρ  will be as 
follows:

2

1 2

1 2

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

1 0 0 0
0 1 0 0

.
0 0 1 0
0 0 0 1

ρ ρ

 
 
 = =

− 
 − 

 
  −  =   −+   
 − 

n n
n n



 (8)

For the Brewster angle ,Bθ θ=  with 0,R =


 the 
matrix is equal to:

2

1 1 0 0
1 1 0 01 cos 2
0 0 0 02
0 0 0 0

Bρ θ

 
 
 =
 
  



, and

 2
0 1

1
11 ( )cos 2
02
0

ref BL L θ

 
 
 = +
 
  

L . (9)

Drawing an analogy between luminance and the 
Stokes vector (which is the “vector luminance”), it 
is possible to obtain the global illumination equation 
with consideration of polarisation similar to [14, 5].

With consideration of (2) and (4), the relation 
between the incident radiation and diffused radia-
tion will be defined in the following way:

 (10)

where ˆ′l  is the unit vector of radiation incidence di-
rection; l̂  is the same for diffusion; r  is the radius 
vector of the diffusion point; ˆ( , )L r l  is the Stokes 
vector at point r  along the direction ˆ;l  N̂  is the nor-
mal to the surface; ˆ ˆ ˆ ˆR( , )× ×′ ′l N l l



 is the matrix of 
rotation of the reference plane from ˆ ˆ×′l N to ˆ ˆ;×′l l  

ˆ ˆ( , , )ρ ′r l l


 is the Mueller matrix at reflection point 
with the specified directions of incidence and diffu-
sion of radiation.

Let us assume that there is no absorption, diffu-
sion and refraction in the medium between the sur-
faces of the scene. Then we have the boundary val-
ue problem of the radiative transfer equation (RTE):

ˆ ˆ( , ) ( , ) 0∇ =l L r l , (11)

with boundary conditions on the diffusing surfaces:

 (12)

and on the radiant surfaces:

0
ˆ ˆ( , ) ( , )=L r l L r l . (13)

Solving the equation (1) and proceeding to the 
surface integral, we will obtain:

 (14)

where ˆ ˆ ( )=′ ′N N r  is the normal to the surface at 
point ′r . The integral is taken through the directly 
visible part of the scene surface.

The global illumination equation (GIE) for the 
Stokes vector will be written in the final form if the 
visibility function ( , )Θ ′r r  of the element 2d ′r  from 
the point r  is introduced in it:

 (15)
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 (16)

3. SOLUTION OF GLOBAL 
ILLUMINATION EQUATION

Like the standard global illumination equation 
obtained in [14, 15], generally, the equation (2) does 
not have an analytical solution. That is why numer-
ical technique shall be used for its solution. The 
Monte Carlo method (MCM) is the most common-
ly used technique for this purpose. This approach is 
based on finding a solution of a problem by estimat-
ing its mathematical expectation by means of mod-
elling random values.

Within the framework of this study, a number 
of programmes, which implemented the method of 
direct modelling of light distribution without con-
sideration of polarisation, were developed. In the 
course of the work, this approach demonstrated a 
number of its well-known disadvantages related 
to complication of mesh formation and high mem-
ory consumption, therefore, it was considered inef-
ficient for solving the problems of modelling mul-
tiple reflections with consideration of polarisation.

For solution of GIE with consideration of polar-
isation, it was proposed to use local estimates of the 
Monte Carlo Method. This method was first pro-
posed in [16] and is different from direct model-
ling methods as in this case we estimated not distri-

bution of photons over all surfaces of the scene at 
once but probability of photons getting exactly into 
the points of interest to us. With respect to the con-
sidered problem, the method is based on transfer 
from the surface integral to the volume integral by 
introducing the δ-function under the integral, which 
allows modelling to construct based on the beam.

Local estimates are widely spread for solution 
of problems related to radiation transmission in tur-
bid media. When it comes to modelling light distri-
bution during design of lighting installations, this 
method came into use quite recently and was de-
scribed, in particular, in [17]. In the same work, it 
is shown that local estimations allowing to conduct 
physically adequate modelling of GIE and allow us 
to estimate all points of interest based on one beam, 
which increases efficiency of calculations average-
ly by (80–90) times, as exemplified by solution of 
the Sobolev problem, [17]. In view of this, appli-
cation of MCM local estimates for calculations of 
multiple reflections with consideration of polarisa-
tion appears to be even more promising if it is taken 
into account that it is necessary to perform more op-
erations at each step of the algorithm as compared 
to standard modelling.

However, the equation (2) is not convenient for 
application of statistical modelling due to the fact 
that the required function under the integral stands 
at point ′r  but is determined at point r . To be able 
to use local estimates, it is necessary to transform 
this equation. It is also necessary to take into con-
sideration that ′r  and ˆ′l  are not independent and are 
related to each other in the following way:

ˆ .
| |
− ′=′
− ′

r rl
r r

 (17)

Then the equation (2) takes on the following 
form:

 (18)

GIE for the Stokes vector contains the δ-function 
which complicates modelling by the Monte Carlo 
Method estimates. This aspect may be eliminated 
by means of spatial integration. As a result, the esti-
mate will take on the following form:

0
k( , ) n

n
Mϕ

∞

=

= ′∑I r r Q


 or 

Fig. 2. Scene for modelling multiple reflections
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, (19)

ˆ ˆ ˆ ˆ ˆ ˆk( , ) R( , ) ( , , )
ˆ ˆ ˆ ˆR( , ) ( , ) ( , ),

ρ= × × ⋅′ ′ ′

⋅ × × Θ′ ′ ′ ′ ′F








r r l l N l r l l

l N l l r r r r  (20)

where nQ  is the vector weight of the beam with its 
components corresponding to the components of the 
Stokes vector, M  is the mean operator.

The expression (19) is called the local estimate 
of the Monte Carlo method and allows illuminance 
to estimate at a point of interest r  of space in which 
multiple reflections are being modelled.

4. IMPLEMENTATION OF THE 
MATHEMATICAL MODEL  
AND THE RESULTS

The method of solution of GIE with consider-
ation of polarisation by means of local estimates of 
the Monte Carlo method proposed above was im-
plemented in MATLAB. A “room” with dimensions 
of 1×1×1 was selected as a scene for modelling 
multiple reflections; in the middle of its “ceiling”, a 
disc-shaped lambertian source with radius of 0.05 is 
installed. On the “floor” of the room, at which nine 
points illuminance is estimated, are located (Fig. 2).

As the reflection matrix, the sum of two matri-
ces was used:

ô ë(1 )a aρ ρ ρ= + −
  

, (21)

where ôρ


 is the Mueller matrix (for Fresnel reflec-
tion in the case under consideration); ëρ



 is the ma-
trix of lambertian reflection; a  is the fraction of 
Fresnel reflection (0 1)a< < . The matrix ëρ



 is the 
zero matrix with the only non-zero ë,11ρ element, 
which is equal to the reflection coefficient.

Let us expand on the numerical algorithm which 
was used in the research programme for model-
ling interaction of the beam and the surface. Practi-
cal implementation of the above approach appears 
to be a non-trivial problem due to appearing of the 
δ-function in the indicatrix expression in the case of 
Fresnel reflection. Its availability gives rise to im-
possibility of playout of a new direction of a beam 
after interaction with the Fresnel surface and thus 
negates efficiency of local estimates.

To bypass this problem, the following algorithm 
is used. After the beam gets into the surface, the ran-
dom parameter ,α  uniformly distributed over the 
interval (0,1). is played out. Then, if ,aα <  the new 
direction of the beam is calculated using formula 

Fig. 3. Distribution of illuminance with  
different values of a
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(6); otherwise, the beam is played out in accordance 
with the diffusion law. In accordance with the se-
lected variant of interaction, Fresnel or lambertial 
reflection matrix is used.

The following parameters of surface were set as 
input variables: the reflection coefficient is 0.5, the 
refraction coefficient is 1.5, the parameters a varied 
from 0 to 1. The graphs in Fig. 3 demonstrate distri-
butions of illuminance on the surface of the “floor” 
obtained both with and without consideration of po-
larisation with different values of the parameter a.

5. CONCLUSION

The above results show that consideration of po-
larisation significantly affects the values of illumi-
nating parameters obtained while calculation. In 
case of 0,6a = , the difference between values ex-
ceeds 20 %, whereas in the limiting case it exceeds 
30 %. Therefore, consideration of polarisation is re-
quired for solution of a number of lighting engineer-
ing problems related to modelling light distribution.

It is necessary to note that the above described 
mathematical model of multiple reflections of light 
with consideration of polarisation stays within the 
framework of standard photometric terms but is 
generalised for the case of polarisation. Signifi-
cant difference from the standard model is that lu-
minance is transformed from scalar value into vec-
tor value and the reflection coefficient becomes a 
matrix. Also it becomes necessary to take rotation 
of the reference plane after each interaction of light 
with substance into account.

As a result of the work, the global illumination 
equation was obtained for the polarisation case. 
This allows us to use the same methods which will 
consider the state of light polarisation after a certain 
modification. For instance, the expression for local 
estimate of MCM with consideration of polarisation 
was obtained. This method appears to be the most 
promising one nowadays since it allows simultane-
ous estimation at all points of interest of the scene 
based on just one beam and accelerates calculation 
averagely by (80–90) times as compared to direct 
modelling methods.

The following stages of research in this area may 
involve development of a more detailed model of 
light diffusion on surfaces of the studied scene and 
in the under-surface layer of the medium as well as 
its experimental verification.
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ABSTRACT

The purpose of this research is to reach good 
correlation between sun load simulation and solar 
focusing test for exterior automotive lighting prod-
ucts. Light coming from sun is highly collimated 
(parallel rays) and focusable from lenses with con-
cave structure. Focusing incidence leads to a hot 
spot on lens surrounding plastic parts which may 
cause melting failures at high temperature zones. 
Sun load simulation is performing to eliminate risk 
of discoloration, deformation, out gassing, coating 
failures and fire with prolonged exposure from field. 
Irradiance values in W/m2 defined in simulation as 
heat source depending of an angle of incidence of 
the sun radiation. At first step, simulation is per-
forming with 5 degree intervals to define the critical 
zones then intervals decreased to 2 degree to detect 
the critical azimuth and inclination angles. Critical 
azimuth and inclination angles is checking with ray 
trace analysis to check the bouncing of sun rays and 
possible solution to eliminate focuses with design 
solutions. After numerical analysis to release and 
validate the automotive lighting products regard-
ing the sun load test, measurement with first parts is 
necessary. Measurement is performing for all criti-
cal angles which have been detected at simulation 
with thermal camera under ultra high-collimation 
solar simulator. Measured temperatures are settled 
according to environment conditions and correla-
tion is checking with simulations.

Keywords: sun load, automotive lighting, hot 
spot, burning glass, Computational Fluid Dynamics 
(CFD) Thermal Analysis

1. INTRODUCTION

Sunlight is known to melt materials in the case 
of focusing. Sunlight damage experiments were 
carried out with the help of a simple magnifying 
glass and results described as a burning glass ef-
fect. Unlike other light sources, the sun rays can 
be highly focused by the lenses due to the parallel-
ism (Fig. 1.a) [1]. In parallel with the increase num-
ber of lenses and plastic materials usage in automo-
tive sector, many new types of burning glass fault 
type have begun to be observed. The light emitting 
diode (LED) and high-intensity discharge (HID) 
bulbs, which are used in the application of high-
tech automotive lighting products, require the use 
of short focal points in terms of appropriate light 
distribution [2,3]. This necessity causes unwant-
ed focuses on the plastic aesthetic parts, which are 
used around the lenses. As a result of these focus-
es, discoloration, deformation, out gassing, and 
burns occur as a consequence of long-term loads 
on the parts.

Depending on the angles of the incoming rays, 
the focuses may occur on the front or back of the 
lenses (Fig 1.b). For this reason, the lenses used 
in automotive lighting products must be checked 
against the effects of sun load.

2. MATERIAL AND METHOD

In the studies, different types of the projectors 
(Fig. 2) and shell reflector (Fig. 3), which are fre-
quently used to hide the light source in the new 
lighting products, have been examined.

Light & Engineering
Vol. 28, No. 1, pp. 116–122, 2020 https://doi.org/10.33383/2019-026
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The focuses may occur on the aesthetic parts 
around the projector lenses or shell reflectors. The 
focusing point varies depending on the interior de-
sign of the lighting product and the part characteris-
tics (coating, surface angles, etc.).

At the first step lighting project work shown in 
Fig. 4, cover panel, tubus and HID frame has been 
examined without aluminium coating and raw ma-
terials are chosen as black. In the front lighting proj-
ect work shown in Fig. 5, the black separator part 
has been examined which is designed aesthetically 
to cover shell reflector.

In accordance with the requirements of the parts 
requested by the customer, components have been 
identified that may pose a risk when subjected to the 
sun load in design reviews. In the first place thermal 
analysis; critical angle definition, ray trace analy-
sis carried out respectively, which is followed by 
the final thermal simulation with the change of tem-
perature to control the maximum operating condi-
tions. The critical angles determined in the analysis 
results have been tested by the established mecha-
nism and correlation between analysis and test has 
been performed.

2.1. Theoretical study

Direct solar radiation (assuming fresh air) based 
on the theory of optical air mass (AM) has been 
defined.

0.618

0 0.76AM
directE E= ⋅ , (1)

where E0 =1353 W/m2 is the solar constant, AM ≥ 
~ 0.5 is the optical air mass.

The air mass, which is based on Kasten and 
Young [4], depends on a height of h above sea lev-
el and the zenith angle of γ with earth radius equal 
to 6378 km and hatm = 8.7 km

The latitude has been taken as 0° (21 March or 
21 September) and the zenith angle has been accept-

Fig. 1. Sunlight focusing (a) & front and rear surface 
focusing (b)

Fig 3. Shell Reflector

Fig 2. Projector types

Fig 4. Project study 
with projector
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ed at 0 ° –  90°. The devices used in solar load mea-
surements have been placed at a height of h = 2 km 
above sea level and calculated based on the data at 
this height. Depending on the angle, the radiation 
values have been calculated and used as input for 
thermal analysis.

The numerical simulation was performed un-
der steady-state conditions and the air flow was as-
sumed as laminar. The numerical solution includes 
all heat transfer nodes. The governing equations in-
cluding continuity, momentum, and energy equa-
tions for steady-state conditions of air flow with free 
convection effects can be written by using equa-
tions (3–7). The equation 8 is solved numerically 
for solid regions without heat generation. The re-
lated equations cannot be compressed in the Car-
tesian coordinate system and can be written by us-

ing the Boussinesq approach for steady-state flow 
as follows:

∂u/∂x+∂v/∂y+∂w/∂z=0, (2)

u˖∂u/∂x + v˖∂u/∂y + w˖∂u/∂z= –1/ρ˖∂p/∂x + 
+ υ(∂2u/∂x2 + ∂2u/∂y2 + ∂2u/∂z2), (3)

u˖∂v/∂x + v˖ ∂v/∂y + w ∂v/∂z= 
=–1/ρ˖ ∂p/∂y+υ˖(∂2v/∂x2+∂2v/∂y2+∂2v/∂z2), (4)

u˖∂w/∂x+v˖∂w/∂y+w˖∂w/∂z= 
=–1/ρ˖∂p/∂z+υ(∂2w/∂x2+∂2w/∂y2+ 

+∂2w/∂z2)+gβ(T-T∞),
(5)

 
u˖∂T/∂x+v˖ ∂T/∂y+w˖ ∂T/∂z=

=α˖(∂2T/∂x2+∂2T/∂y2 +∂2T/∂z2), (6)

∂2T/∂x2+∂2T/∂y2 +∂2T/∂z2+q ̇/k=0, (7)

where, u, v and w are the velocity (m/s) compo-
nents, α is the thermal diffusivity (m2/s), υ is the ki-
nematic viscosity (m2/s), β is the volume expansion 
coefficient, g is the acceleration of gravity (m/s2), 
T is the temperature (°C), ρ is the density (kg/m3) 
of fluid in the computational domain, and k and q̇ 
are the thermal conductivity (W/(m˖K)). For speed 
components, non-slip conditions are valid on all 
wall boundaries and the boundary conditions are as 
follows:

Speed on all wall boundaries, u = v = w = 0 m/s;
Pressure sphere surface, p = 1 atm;
Ambient temperature, T = T∞ = 23 °C.
In this study, the Monte-Carlo model preferred 

like similar studies in the literature because of its 
numerical stability and precision in the results for 
the calculation of the heat transfer by radiation [5].

For definition of azimuth and inclination angles 
general range of scanning for azimuth is –90° to 90° 
and inclination is –10° to 100° with consideration of 
car tilt as 10°.

First of all, thermal analysis is performed at 
5-degree intervals and the critical angle ranges are 
determined according to the temperature values on 
the parts (Fig 6).

Based on 5 degree results new scanning range 
is defined and used as input for 2-degree analysis 
to define precise angle detection (Fig 7).

After the precise angle detection taken from the 
peaks of 2 degree results, thermal analysis are re-
peated by taking the environmental ambient tem-
perature at 80 °C in order to simulate the maximum 
operating conditions.

Fig 5. Project study with the shell reflector

Fig. 7.The 2 degrees angles scan results

Fig. 6. The 5 degrees angles scan results



Light & Engineering Vol. 28, No. 1

119

3. RESULTS

3.1. Numerical Study

Latest thermal simulations were performed on 
precised angles which are taken from 2-degree anal-
ysis results. Analysis results for all related compo-
nents given at Table 1.

For tubus part (Fig 8) which is coming from a 
project, critical angle is defined as azimuth 86° and 

inclination 35°. Thermal simulation is performed 
for this precise angle with defined radiation inten-
sity and ambient temperature taken as 80 °C. Vi-
cat softening temperature of the different grades of 
polycarbonate taken into consideration for risk eval-
uation [6]. Maximum temperature on tubus was cal-
culated as 200 °C.

For HID frame (Fig 9) critical angle is defined as 
azimuth 78° and inclination 9°. Maximum tempera-
ture on tubus was reached to 178 °C.

Fig. 10. Black sep-
erator thermal analysis 
results

Fig. 9. HID frame 
thermal analysis results

Fig. 8. Tubus thermal 
analysis results
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For black seperator (Fig 10) critical angle is de-
fined as azimuth –14° and inclination 15°. Max-
imum temperature on tubus was calculated as 
190 °C.

3.2. Optical Study

The optical system is created according to the 
critical angles found in the result of thermal analy-
sis for the detection of the focusing levels of the so-
lar rays that make up the hotspot. An optical stage is 
prepared by using the module written by Automo-
tive Lighting Company.

The module lens used in the prepared optical 
system, peripheral parts (HID frame, tubus, etc.) 
and the outer lens absolutely must be. A central 
point is created on the module lens and the axis sys-
tem is created on this point. This axis system must 
be exactly the same as the axis of the light source 
used. By using this axis system, lines are formed 
according to the critical angles determined later 
and the axis system is created for the future region 
of the sun rays. The direction of the destination of 

the new axis system formed is determined accord-
ing to the light source and a previously simulated 
solar.dis file (luminous distribution file, belonging 
to the module) is inserted into this axis system. The 
optical stage is simulated on the front of the light-
ing product. The name of this stage is determined 
as measure screen. The lights coming from the light 
sources used and the lighting product in a refract-
ed or reflected way hit this stage, and in this way, 
it’s possible to simulate the illumination on the road 
[7]. The surfaces that are hotspots in the optical sys-
tem are taken as mandatory and ray traces analy-
sis is initiated by using at least 1million rays. The 
places of the hotspots on the measurement screen 
are detected by the back ray traces analysing from 
which surfaces the rays coming out of the solar light 
source by refracting from the module lens.The con-
trols carried out as a result of the optical system es-
tablished according to the angles found as risky in 
the results of thermal analysis and the focusing lev-
els have been given in Fig 11.

3.3. Test Studies

The analysis of the completed samples validat-
ed by the test setup prepared at the critical angles. 
The front lighting product is placed on the goni-
ometer and exposed to the solar load. The goniom-
eter, which can move horizontally and vertically, 
is brought to the critical angles determined by the 
analysis and the solar load at this point is adjusted 

Fig. 13. Thermal camera results of black seperator
Fig. 12. Front lighting test mechanism (goniometer (1), 

front lighting (2), thermal camera (3), solar load device (4)

Table 1. Critical Angles

Part Description Critical angles
Tubus Az.: 86° Inc.:35°

Black Separator Az.:-14° Inc.:15°
HID Frame Az.: 78° Inc.:9°
Cover Panel Az.: 3° Inc.:69°

Fig. 11. Hotspot 
analysis results 
tubus (a), HID 
frame (b), black 
separator (c)
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from the test device and the measurements are per-
formed on the parts, Fig 12.

In Fig. 13 and Fig. 14 thermal measurement re-
sults of black separator and HID frame have been 
given, respectively. Measurements have been per-
formed with thermal camera at ambient temperature 
23 °C. According to the thermal camera measure-
ments on black seperator maximum temperature 
is found as 148,68 °C and on HID frame found as 
144,40 °C.

4. DISCUSSION AND EVALUATION

As the tests have been carried out at ambient 
temperature, the offset values have been added 
to the test results in order to obtain an ambient tem-
perature of 80 °C depending on the inclination an-
gle determined to be compatible with the analysis 
results.

In Table 2, the analysis and the test results have 
been given. The results of the analysis have been 
compared with the measurements carried out with 
a thermal camera and the error rates have been ex-

Table 2. Analysis and Test Results

Part
Description

Critical
Angles

Sim.
Res.
(°C)

Test
Res. (°C)

Difference
Rate
(%)

Tubus Az.: 86°
Inc.: 35° 200 194 3,00

Black
Seperator

Az.:-14°
Inc.:15° 190 188 1,05

HID Frame Az.: 78°
Inc: 9° 178 184 3,37

Cover Panel Az.: 3°
Inc.:69° 129 131 1,55

Fig. 14. Thermal camera results of HID frame

amined. The maximum difference rate has been de-
termined on the HID frame part with 3.37 %. Dif-
ference rates resulting from plastic parts warpage, 
assembly and production tolerances may vary in a 
negative or positive direction. Therefore, according 
to the temperature values determined after analysis, 
a minimum security margin of 10 °C is predicted for 
the softening temperatures of plastic materials, thus 
preventing the deviations specified to cause damage 
on the part.

5. CONCLUSION

The determined rates of difference are within the 
5 % range and the correlation of the analysis and 
test results have been provided. The selected ther-
moplastic materials have been prevented from being 
exposed to colour fading, deformation, gas output 
and burns generated as a result of long-term loads 
under the maximum solar load to be exposed in the 
field. In the subsequent studies, the conduct of stud-
ies for different raw material colours, the optimiza-
tion of the analysis inputs and the correlation with 
the test results are planned.
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